Ion beam synthesis and characterization of magnetic nanocomposite films. by Lo, Kwok Wing. & Chinese University of Hong Kong Graduate School. Division of Electronic Engineering.
- , 
ION B E A M SYNTHESjfe A N D 
CHARACTERIZATION OF MAGNETIC 
NANOCOMPOSITE FILMS 
Lo Kwok Wing 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 
Master of Philosophy 
In 
Electronic Engineering 
The Chinese University of Hong Kong 
- November 2003 
) 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use a part or whole of the materials in the thesis in a proposed 
publication must seek copyright release from Dean of the Graduate School. 
UNIVERSITYJM) 
N ^ J ^ I B R A R Y SYSTEM 
Abstract of thesis entitled: 
Ton； ^YmTHFAC^ ep /l'vp cdAHAcreniATK-hJ op lAAC^tJenc ^/ANuufPo^ue FUyij 
Submitted by Ll__卜淋__hON^  
for the degree of llA^TFlz dr IAI U E c m V l r . ⑶ _ _ 
at The Chinese University of Hong Kong in (November 2003) 
i. Abstract 
In this study, implantation of various ions including Fe, Co and Pt into SiOj on Si 
substrate has been performed using sequential Metal Vapor Vacuum Arc ( M E W A ) ion 
source aiming at the formation of magnetic CoPt-SiO! and FePt-SiO! nanocomposite 
films. 
Correlation between structural and magnetic properties of the prepared magnetic 
thin films was studied. The atomic concentration of the implanted species was adjusted 
with various implant fluences. Structural properties were investigated with X-ray 
Diffraction (XRD) and Transmission Electron Microscopy (TEM). The composition of 
the implanted species was determined using Rutherford Backscattering Spectroscopy 
(RBS). Sputtering effect of implantation was estimated by measuring the sputtered depth 
with a Tencor Alpha-Step 500 Profilometer. Surface morphology and film roughness 
were examined by utilizing an Atomic Force Microscope (AFM). Magnetic properties 
I 
were measured using Vibrating Sample Magnetometer (VSM). 
The X R D and V S M results show that the low dose as-implanted Coi.xPtx-Si02 
and Fei.yPty-Si02 nanocomposite films are highly amorphous or contains only small 
grains of CoPt or FePt alloys whereas FePt nanograins are already formed in the high 
dose as-implanted Fei-yPty-SiO? nanocomposite films. The magnetic coercivity of all as-
implanted samples is relatively soft. Annealing will alter the structural and magnetic 
properties. For Coi-xPtx-SiO: samples, a high coercivity of 1.03k0e was found in a 
sample with Pt composition x = 51% prepared in this work. The increase in He is due to 
the increase of grain size D X R D of CoPt but not the formation of fct phase of CoPt since 
there is no sign for such phase formation from the X R D result. For both set of low dose 
and high dose implanted FePt samples, phase transformation from fcc-FePt to fct-FePt 
occurs at annealing temperature Ta = 700°C. For some particular samples, further 
annealing will lead to the formation of shoulder near zero applied field in the M-H loop 
and it is believed that its formation is related to little exchange coupling between hard fct 
phase of FePt and soft fee phase of FePt which coexists in the sample. Finally, it is found 
that for a Fe rich Fe59Pt4i-Si02 nanocomposite film, high coercivity He of 4kOe with 
small grain size of 〜8.7 nm was obtained. It exhibits properties satisfying the 
requirements for use as a high density magnetic recording media. 
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Chapter 1 Introduction 
1.1 Magnetic CoPt and FePt Alloys 
Historically, the development of magnetic materials has a long history. It now 
plays an indispensable part in modern technological world. Within the three major kind 
of magnetic phenomena in nature namely, paramagnetism, diamagnetism and 
ferromagnetism, ferromagnetism plays the key role in modern technology especially in 
the field of information storage industry. In a laboratory demonstration carried out by 
IBM in 1999, an areal density of 36 Gbits/in^  was realized in longitudinal magnetic 
recording media [1]. A more recent demonstration of 100 Gb/in^ in which the recording 
medium utilizing fully integrated magnetic recording heads and thermally stable 
multilayer antiferromagnetically coupled (AFC) media was reported [2]. The advances 
and developments of magnetic recording technology are vivid and swift. Since 1991, 
the rate of increase of areal density in recording medium has been 60% per year 
realizing a 10-fold increase in 5 years. This increase rate is even doubled per annum 
when a newly designed giant magnetoresistive (GMR) head, developed in 1998, is used 
to read the signal from the media. Scientist proposes that this rate of increase of areal 
density could still hold until the superparamagnetic limit is reached. Such an increase in 
magnetic data storage capacity, combined with the semiconductor IC technology, has 
changed the world to become more sophisticated and informative. Intensive research 
works have been carried out on exploring novel approaches or technologies that can 
further increase the recording density. These include the study of perpendicular 
magnetic recording media, investigations on laser-assisted magnetic recording, patterned 
-
Chapter 1. Introduction  
media, and magnetic quantum dot array, to name but a few [3-6]. On the other hand, 
material scientists are studying novel materials that have superior properties, which can 
be used to replace the current material systems [7], and may possibly be used in ultra 
high density recording media or permanent magnet applications. 
Ferromagnetic CoPt and FePt alloys have attracted intense research efforts and 
interests both for technological applications and basic scientific studies in the past 
decade because of their novel properties. They are magnetically hard and known to 
possess high magnetic anisotropy with values of the anisotropy energy, Ku, in the range 
of 106 — 10^  erg/cm^ at room temperature. Ku is an intrinsic magnetic property of some 
ferromagnetic materials. In anisotropic ferromagnetic materials, they can more easily be 
magnetized in some crystal orientations than in other orientations. For this reason, the 
axis of easy magnetization is called the easy axis while the axis along which the 
moments can hardly be magnetized is called the hard axis. For high Ku materials, their 
magnetic moments can hardly be altered once they are oriented by the external field. 
Because of such a high magnetic anisotropy and hence a high coercivity He, CoPt and 
FePt alloys in the bulk form have been widely used as materials for high performance 
permanent magnets which possess a high maximum energy product (MH)max-
1.1.1 Crystal Structures 
‘ The properties of CoPt and FePt are highly related to their stoichiometry and 
crystal structures. From the binary alloy phase diagrams [8-9] (see also Appendix I) of 
CoPt and FePt alloys, it can be seen that they can form stable or meta-stable phases in 
the vicinity of the equiatomic compositions. The chemically ordered and disordered 
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phases of CoPt and FePt alloy films are schematically shown in Fig. 1.1. The unit cell 
structures are shown at the left hand side whereas the front view along the a-c plane is 
shown at the right hand side. The Llo or face-center tetragonal (fct) (also refer to CuAu 
I) structure is common for binary alloys of equiatomic composition. As seen in Fig. 
1.1(a), the atomic planes perpendicular to the c-axis or tetragonal axis alternate in 
composition with the relative species aligned regularly. So the atomic magnetic 
moment prefers to orient in this crystallographic direction or magnetic easy axis so that 
it is not easy to alter this alignment unless a large external magnetic field is applied. 
During ordering, the Fe and Pt atoms will move into planes which lead to slight 
contraction in the c-axis direction. Ordering occurs along the direction of planes and 
the tetragonal ordered regions form such that the c-axis become parallel to one of the 
<100〉axis of the fee phase. This leads to three possible orientations for the tetragonal 
grains [10]. On the other hand, the atomic planes perpendicular to the c-axis exhibited a 
disordered alignment in the chemically disordered face center cubic (fee) phase of CoPt 
or FePt binary alloy as seen in Fig. 1.1(b). Such a difference in crystal structure and 
orientation is responsible for the high magnetocrystalline anisotropy of the ordered fct 
phase of these binary alloys. When the composition of the alloy species is close to 
25:75, another kind of Llo or face centre tetragonal (fct) structure of FePts or CoPts 
may form and exist in equilibrium state (Fig. 1.1(c)). Finally, alloys with composition 
around FesPt may also exist corresponding to Cu^Au structure. Ordered CoaPt (LI2) 
phase predicted theoretically by Sanchez et al. [11], has received no report of its 
existence in the bulk phase diagram. However, Harp [12] et al, reported the existence 
of this ordered phase in a Co75Pt25 alloy thin film deposited onto A I 2 O 3 (001) substrate 
- — 
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Figure 1.1 Chemically ordered and disordered structures of CoPt or FePt. The grey and 
dark spheres represent different species, (a) The Llo structure. The chemical ordering 
axis is the c-axis. (b) The chemically disordered (fee) phase, (c) The L h structure. The 
right size is the front view of the structure along the a-c plane. 
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with a Pt underlayer at elevated deposition temperatures. This ordered structure 
consists of two kinds of layers; one is the layer having only Co/Fe atoms and the other 
is the structure containing Co/Fe and Pt with equal atomic ratio of 50:50. They are 
being stacked layer by layer alternately. 
1.1.2 Magnetic Properties 
The magnetic properties of CoPt and FePt alloys have been studied for over 70 
years. Table 1.1 summarizes various intrinsic magnetic properties of FePt and CoPt [7]. 
The table contains the first order magnetocrystalline anisotropy constant K], which 
becomes K“ for uniaxial systems, the saturation magnetization Ms, the anisotropy field 
Hk = 2Ki/Ms, the Curie temperature Tc, the intrinsic domain wall width Sw, the wall 
energy Yw and the minimal stable grain size Dp. It is observed that the properties of 
these two kinds of ordered alloys are very similar. Llo FePt has a higher value of 
uniaxial anisotropy Ku compared with the ordered CoPt alloy. Both alloys exhibit a 
disorder-order transformation resulting in hard magnetic properties in the Llo phase. 
n ^ I H K I Tc I 5w I ^ D ； 
Material 
(lO^ erg/cm^ ) (emu/cm^) (kOe) (K) (入）（erg/cm3) (nm) 
Llo-FePt 6.6-10 lUO m ^ 39 n 2.8-3.3 
Llo-CoPt 4^ 9 ^ m 840 45 
Table 1.1 Summaries of various intrinsic properties of chemically ordered Llo Fe-Pt 
and Co-Pt alloys. 
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1.2 Magnetic Nanocomposite Films 
Magnetic nanocomposite films are a relatively new series of nanostructured 
magnetic alloy materials consisting of ferromagnetic nanoparticles embedded in 
dielectric host materials. In the past decades, intense research efforts and interests were 
placed on this kind of nanocomposite materials because of their novel properties that 
can be completely different from their corresponding bulk phases. In 1988，Coehoon et 
al. reported the formation of a nanocomposite hard magnetic material [13]. This 
material was produced from Fe-Nd-B-based alloy either by crystallization of a liquid 
during rapid solidification or by post-annealing of the overquenched amorphous 
precursors. The microstructure was composed of nanoscale soft Fe3B grains and hard 
Nd2Fei4B grains. Remanence enhancement effect occurs in this kind of magnetic 
nanocomposite when the grain size is smaller than 50nm. This kind of phenomenon is 
common when the nanophase materials are prepared on decreasing length scales such 
that more pronounced difference of the properties between the bulk and the 
nanoparticles appear. Hence, understanding the mechanism of microstructure evolution 
of the nanocrystalline material is essential for controlling the magnetic properties of 
magnetic nanocomposite films. With this reason, more and more research efforts are 
focused on the preparation and characterization of these nanocomposite materials to 
figure out the fundamental characteristics of these nanograins. The unique 
characteristics of electrons in confined systems and the increasing relative significance 
» 
of the surface energy associated with the larger surface-to-volume ratio of 
nanoparticles are the two major factors governing the novel properties of nanophase 
particles. These effects are also the main factors leading to the novel, physical and 
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thermodynamic properties of the nanophase materials. There are enormous potential 
applications of this kind of novel materials. Proposed applications include 
micromechanical devices, extremely high-density magnetic recording media, magneto-
optical devices, permanent magnets or magnetic refrigerants [14-16]. 
1.2.1 Ferromagnetic CoPt and FePt Alloy Nanoparticles 
Ferromagnetic CoPt and FePt alloy nanoparticles embedded in an insulating 
material is a kind of magnetic nanocomposite material structure which attracts intensive 
research efforts because it has many advantages over its corresponding bulk and thin 
film states. In bulk phase, these two kinds of alloy possess very high uniaxial 
magnetocrystalline anisotropy K". So, oriented, single domain and high Ku ferromagnetic 
nanoparticles can provide smaller and thermally stable grains which can be integrated 
into current magnetic recording industry to provide extremely high density magnetic 
recording (EHDR) medum. Currently, it is proposed that information density could be 
potentially increased by 10000 times over the current limit if data could be stored on 
single, isolated nanoparticles [17]. Several criteria should be taken into account in this 
issue. For successful writing and reading of single-particle bit, the nanoparticle must be 
magnetically isolated so that exchange coupling between magnetic grains is minimized. 
The nanoparticle must be larger than the superparamagnetic limit and various parameters 
such as coercivity, orientation and grain size can be controlled. This highly demanding 
set of requirements motivates exploration of techniques for the development of this type 
of nanophase materials. 
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1.3 Preparation Methods of CoPt & FePt Nanocomposite Films 
Coventionally, physical vapor deposition (PVD) such as sputtering was used 
most frequently to prepare magnetic nanocomposite films of CoPt or FePt. Watanabe et 
al [18] prepared FePt-AlO nanocomposite films with a dual target ion beam sputtering 
machine. He found that transformation from a disordered fee structure to ordered Llo 
phase occurs at temperatures above 650°C and the microstructures of the films change 
greatly depending on the film compositions and annealing conditions. Maeda et al [19] 
deposited (FePt)i.xCux films on glass substrates using dc and rf magnetron cosputtering 
techniques with a base pressure of less than 5 x 10"^  and 5 x 10"^  Pa Ar gas pressure. 
His study suggested that addition of Cu to an FePt alloy film is an effective approach 
for reducing the ordering temperature of FePt. Coercivity of the FePtCu film is close to 
5k Oe after annealing at 300°C as a result of a ternary FePtCu alloy formation seen from 
x-ray diffraction. Similar reduction of ordering temperature was also seen from 
Yamaguchi's work [20] on B or C doped CoPt nanocomposite films. He prepared 
Coo.45Pto.55-M (M = B and C) on fused quartz substrates in a rf magnetron sputtering 
system at 25°C substrate temperature. Results suggest that a small amount of B 
considerably decreases the temperature for ordering and is interstitially incorporated 
into Llo-CoPt along its c-axis. Much of the other works [21-24] suggested that magnetic 
properties such as coercivity and grain size of the Llo-CoPt films could be optimized by 
optimization between the relative volume fraction of dopants (C, Ag, B), annealing 
conditions and microstructures. 
Recently, there are increasing interests on using ion beam synthesis (IBS) 
technique to prepare magnetic nanocomposite films [25-30]. Ion implantation was first 
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employed to form Ag and Au nanocrystals embedded in silica glass in 1970s. Although 
no obvious applications of such kind of nanocomposite were raised at that time, it 
becomes an essential and widely used research technique for synthesizing 
nanocomposite materials in the early 1990s. The increasing popularity of the ion 
implantation technique is partly due to its versatility and flexibility. In this technique, a 
selected host material is implanted with energetic ions that are accelerated from a few 
tens to a few thousand kilovolts. High-dose implantation can create a solid-state 
supersaturation of the implanted ions in a layer extending from the specimen surface to a 
depth of several tens to hundreds of nanometers. Subsequent thermal processing or 
further ion irradiation can induce the implanted material to precipitate as discrete 
nanoparticles. Using this technique, the average size of the precipitate can be controlled 
by varying the concentration of implanted ions. 
1.4 Aim and Motivation of this Research Project 
In this work, a specially designed implanter - the metal vapor vacuum arc 
(MEVVA) ion implanter - was used to prepare a series of CoPt and FePt nanograins 
inside Si02 on n-Si (100) substrates. There are certain advantages of using M E V V A ion 
implantation to prepare such kind of magnetic nanograins. It can provide a precise 
control of implantation dose so that the composition of the implanted species can easily 
be varied and controlled by choosing suitable implantation doses. Another benefit is that 
if sputtering effect during implantation is not significant, the implanted species will 
follow a guassian-like depth distribution below the substrate surface so that most of the 
implanted species are directly segregated inside the host. It means the intergranular 
-
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exchange coupling between ferromagnetic nanoparticles can be reduced and smaller 
grain size of nanoparticles could be directly produced. Both factors are essential for the 
development of extremely high-density magnetic recording (EHDR) media. After 
preparation works, a number of characterization techniques were used to correlate the 
observed magnetic properties with the microstructures of the samples. Chapter 2 will 
give a detailed description on the equipment used for characterization. Chapter 3 will 
discuss the properties of the prepared Coi.xPtx-Si02 nanocomposite films. Chapter 4 will 
include the analysis of both the low dose and high dose sequentially implanted Fei.yPty-
Si02 nanocomposite films. Finally, Chapter 5 will give a summary of the main results 
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2.1 Sample Preparation 
The samples studied in this research work are prepared by implantation using 
a metal vapor vacuum arc (MEVVA) ion implanter. A detailed description of this 
setup is given in the following session. 
2,1.1 Metal Vapor Vacuum Arc (MEVVA) Implantation System 
Ion implantation is an important and indispensable technique for IC 
fabrication industry in which impurity atoms are introduced into semiconductors so 
as to change its electrical conductivity in a controlled manner. With the earliest ion 
implanters developed in 1940s, ion implanters are frequently classified according to 
their ion current capabilities ranging from low currents (in the jiA range) to high 
currents (in m A range). The design criteria of specific implanters usually depend on 
the particular dose and depth profile requirements for semiconductor device 
fabrication. 
In the mid-80s, a new type of metal ion source — the metal vapor vacuum arc 
(MEVVA) ion source was developed by Brown et al. [31-32] in Lawrence Berkeley 
Laboratory, One particular feature of this new type of ion source is its high current 
capability. It operates in a non-mass-analyzed mode using broad area grids and 
operates in a pulsed mode. The ions produced in this kind of implanter have a larger 
I 
range of charge states so they can acquire a wide range of energies with a given 
potential. The implantation range can then be extended into deeper region below 
substrate surface. 
The M E V V A ion source implanter used in this research project is designed 
— 
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and constructed by the Institute of Low Energy Nuclear Physics at Bejing Normal 
University. The base vacuum level lies in the range 8 x 10.4 - 2 x 10"^  Pa. The 
maximum beam current can achieve 8mA, which is much higher than those of 
conventional implanters. 
The setup and schematic of the M E V V A ion implanter used in our 
experiment is shown in Fig. 2.1 and Fig. 2.2. It generally consists of three main 
components - ion source, acceleration unit and target unit. The ion source is the 
position where the species used for implantation is located. The cathode is made of 
the implanted materials in the form of a cylindrical rod with a diameter of 1cm. 
When a trigger voltage pulse of about 5 - lOkV is applied to the cathode, a trigger 
spark discharges would be induced between the cathode and trigger electrode. 
Because of this high trigger voltage pulse, the cathode material in the cathode surface 
will be vaporized and ionized and a dense plasma of the cathode material is formed. 
In this case, ions created are multiply charged and the charge state fractions are 
different for different elements. This plasma is liberated away from the cathode 
surface and causes an arc current to flow between the cathode and the anode. In 
general, a broad beam of high peak beam current of the order of about one ampere 
and a moderate beam current of tens of milli-amperes can be obtained. A central hole 
located in the anode allows a portion of the metal vapor vacuum arc plasma to pass 
through so that the plasma can flow and appear to the second part of the M E V V A 
implantation system. 
t 
The second part of the M E V V A implantation system consists of multi-
aperture extraction grids used to extract the ion component from the plasma so that 
an intense and pure ion beam of the cathode material could be formed. In order to 
accelerate the positive ions, an extraction voltage, ranging from 35 kV to 65 kV in 
— 
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our M E V V A system, is applied at the first extraction grid. On the other hand, a 
negative voltage, which is in the kV range relative to the target, is applied 
simultaneously in the subsequent extraction grid to suppress the secondary electron 
emitted from the target or other surfaces. The exit grid is set at ground potential. By 
integrating the functions of the three main components in the system, pulses of pure, 
broad and multiply charged ion beams of the cathode material can be obtained and 
extracted and this high-energy accelerated ion beams can directly implant and 
penetrate into the target. 
Measurement on the number of ions implanted into the target is based on the 
principle of Faraday cup. Since the target chamber is connected to ground, once the 
positive ions are impinging on the target, electrons from ground will neutralize them 
and the voltage drop of a standard resistor connected to the target chamber is a 
measure of the ion current. The implantation dose is related to the charges collected 
by the Faraday cup as described in equation (2.1) where the quantities Q, n, q, A and 
(t> are respectively the charges collected by the Faraday cup, the average charge state 
of the ions, the electronic charge, the ion beam area and the implantation dose. 
Q = nqAip (2.1) 
2.1.2 Preparation Procedures 
In this session, the detailed sample preparation procedures will be described. First, 
I 
single-sided polished silicon wafers (n-type) with thickness of about 460-490 |am 
were used as the substrate. After cleaning the silicon wafers with diluted 1:50 HF 
solution and distilled water, a layer of silicon dioxide films with thickness of about 
0.11 - 0.13 |im was grown on the substrate surface by dry thermal oxidation for an 
- “ 
Chapter 2 Samples Preparation and Characterization Techniques  
5 “ I I • • 
I . ^ ^ ；，一 • ” � 、： 
... ” t I •‘、：'.. »•；• 
…"--^ 'wwdswfei r - .... I h '^  v'^irs； ‘ 
_ J I 德 ^ ^ 
i ^ ^ ^ a ^ M p l i 
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Figure 2.2 Schematic of the M E V V A source 
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hour. It should be careful that the thickness of the SiCh film should be thick enough 
to avoid the implanted magnetic species from penetrating into the silicon surface 
forming metal silicide, which is clearly not favorable in this work. The required layer 
thickness was determined by simulating the depth profile of the implanted ions by 
the TRIM code [33]. The TRIM simulation results of the projected range Rp as a 
function of ion energy of Fe, Co and Pt ions implanted into SiO� are shown in Fig. 
2.3. Upon ionization in the M E V V A ion source, the Fe and Co ions have 3 different 
charge states whereas the Pt ions have 4 different charge states; the corresponding 
charge fractions and particle fractions of these metals used in our experiments are 
shown in Table 2.1. 
After growing the SiO? layer on Si substrate, iron or cobalt implantation was 
performed using the M E V V A source to an identical nominal dose of 4 x 
ions/cm^ at an extraction voltage of 35 kV. Subsequent irradiation of Pt ions was 
carried out to modify the structure and magnetic properties of these implanted 
samples. Pt ions were accelerated with an extraction voltage of 50 kV in order to 
achieve comparable overlapped projected range of the implant species. From the 
TRIM simulation results of Fig. 2.3, the projected ranges of Co, Fe and Pt in SiO? at 
these energies are close to 40nm below the substrate surface. However, it is only 
estimation without considering the multiple charge state of the M E V V A source and 
sputtering effect during implantation which is not negligible. The ions depth profile 
of Fe estimated from TRIM simulation is given in appendix A. In that case, the 
t 
projected range of Fe atoms, after taken into account its multiple charges state, is 
close to 50nm below the substrate surface. For both series of samples, four different 
fluences of Pt ions ranging from 1.5 x to 3 x lO'^  ions/cm^ were chosen in an 
attempt to produce equi-atomic concentration of FePt and CoPt alloy nanoparticles 
— 
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Figure 2.3 TRIM simulation results of projected range Rp as a function of ion energy 
of Co, Fe and Pt ions inside Si02 substrate. 
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Table 2.1 Charges state fraction and corresponding particles fraction of Co, Fe and Pt 
ions [33]. 
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embedded in SiOz. The substrate heating effect during implantation was estimated by 
attaching a thermocouple to the sample holder. In this case, the substrate temperature 
is estimated to be below lOCfC for Co/Fe and Pt implantation. Implantation was also 
performed by reversing the implantation sequence in a set of Pt and then Co 
implanted samples in an attempt to study the effect of implantation sequence on the 
properties of the samples. However, it was found that it was relatively difficult to 
fine tune and adjust the atomic composition of the corresponding implant species in 
that reverse implant sequence. Another major disadvantage is that it is not an 
economical way to carry out Pt implantation first since it will waste a lot of Pt due to 
severe sputtering effect during the second step of the implantation of Co or Fe ions. 
So, in this work, we choose to perform the Pt implantation in the second step for 
most of the samples. 
In order to study the effect of magnetic particle volume fraction on the 
magnetic properties of the magnetic nanocomposite films, another set of Fe and Pt 
implanted samples with relatively higher implant fluences was prepared in order to 
have a higher overall magnetic particle volume fraction inside the host material. To 
avoid direct interaction of magnetic implanted species with the silicon substrate, a 
thicker silicon dioxide layer of about 200 nm was grown on the silicon substrate by 
dry thermal oxidation for 2 hours. After that, M E V V A implantation of Fe was 
performed. The nominal dose of Fe was chosen to be IxlO'^ ions/cm^ whereas the 
implantation was carried out at an extraction voltage of 36 kV. After Fe ion 
\ 
implantation, a series of subsequent Pt ion implantation was taken place at 60 kV 
with nominal Pt doses equal to 4xl0i6，5xlOi6，6x10^ 8x10^^ and 10x10^^ ions/cml 
The detailed implantation conditions of all prepared samples are summarized in 
Table 2.2.‘ 
— 
Chapter 2 Samples Preparation and Characterization Techniques  
After implantation, post-implantation annealing was performed either in 
furnace or in a rapid thermal processor (RTP). Furnace annealing was carried out in 
flowing nitrogen (N2) atmosphere at various temperatures ranging from 800。C to 
1100°C for various annealing time periods. Rapid thermal annealing was performed 
in flowing argon (Ar) atmosphere at temperatures ranging from 600°C to 1000°C for 
various annealing time periods. 
2.2 Characterization Techniques 
The samples prepared in this work were characterized by various techniques 
including Rutherford backscattering spectrometry (RBS), x-ray diffraction (XRD), 
atomic force microscopy (AFM) and vibrating sample magnetometry (VSM) so as to 
correlate the observed structural and magnetic properties of the prepared samples. A 
brief description of each of these major characterization techniques used will be 
given in the following sessions. 
2.2.1 Rutherford Backscattering Spectroscopy (RBS) 
Rutherford backscattering spectroscopy (RBS) is a quantitative, relatively fast, 
well-developed and non-destructive characterization method for measuring thin films 
thickness and composition. Typical measurement time can be less than half an hour. 
However, the resolution of this method sometimes has limitation especially in the 
case of analyzing and distinguishing between two heavy elements within the samples. 
4 
I 
This is because less momentum of the incident particle is transferred to the heavy 
target atom upon collision and the energy of the backscattering particle will attain 
almost all of the incident particle energy. It is hard to detect such a small energy 
difference leading to poor resolution. The principle of this characterization method is 
18 
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Co/Fe Beam Extraction p^  ^ Q^e Extraction Beam 
Sample dose current voltage (. . 2、 voltage Current  
(ion/cm') (mA) (kV) Oon/cm J (i^ y) (mA) 
Co 4X1016 1 35 / / / 
CoPtl 4X1016 1 35 1.5x10^ ^ 50 0.5 
CoPt2 4x1016 1 35 2.0x1016 50 0.5 
CoPt3 4x1016 1 35 2.5x10^^ 50 0.5 
CoPt4 4x1016 1 35 3.0x1016 50 0.5 
Fe 4X1016 1 35 / / / 
FePtl 4X1016 1 35 1.5x10^ ^ 50 0.5 
FePt2 4x1016 1 35 2.0x10^^ 50 0.5 
FePt3 4X1016 1 35 2.5x10*^ 50 0.5 
FePt4 4x1016 1 35 3.0x10^^ 50 0.5 
Fe-a IxlO'^ 2 36 / / / 
FePta Ixl0i7 2 36 4.0x10^^ 60 1 
FePtb IxlO" 2 36 5.0x10^^ 60 1 
FePtc Ixl0i7 2 36 6.0x10^^ 60 1 
FePtd 1x10" 2 36 8.0x10^^ 60 1 
FePte Ixl0i7 2 36 1.0x10^ ^ 60 1 
0 
) 
Table 2.2 Summary of implantation conditions of all prepared samples. 
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that the energy distribution of the ions backscattered by the atoms in the target 
material is measured at a definite angle. The energy of the backscattered ion after 
collision with the target atom depends on the mass of the target atom and the 
scattering angle. On the other hand, on the way to the depth at which the collision 
takes place, as well as on the outward path to the detector after collision, the ion also 
loses energy to many electrons through coulomb interaction. Generally, the positions 
of the peaks on the energy spectrum of the scattered particle reveal the atomic 
masses of the elements in the sample and the width of the peak correspond to the 
thickness of the film. The scattering cross-section is directly proportional to the 
square of the atomic number of the target atom. Hence, by comparing the ratio of the 
yield from the specific target atoms, the elemental composition and concentration of 
the samples can be found. In this work, RBS experiment was performed with a 2 
M e V He++ beam from a 2 M V tandem accelerator. He++ beam was incident at T 
normal to the samples surface and the backscattered He++ ions were detected by a 
surface barrier detector placed at an angle of 170° with respect to the incident 
direction. To determine the thickness and composition of the film, the experimental 
RBS spectra are simulated and fitted using computer software SIMNRA4.4 [34]. 
2.2.2 X-ray Diffractometry (XRD) 
X-ray diffractometry is a quantitative and non-destructive surface sensitive 
technique used to obtain information of the sample such as the crystal structure and 
) 
phase, lattice parameters, film texture and lattice stress. X-ray is used since its 
wavelength is comparable to the atomic separation of atoms so that diffraction can 
take place from the interaction of the x-ray and the target atoms. An electron in an 
alternating electromagnetic field will oscillate with the same frequency as the 
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incoming beam. In certain directions, the combined waves are in phase and 
constructive interference takes place because the atoms in a crystal are arranged in a 
regular pattern. This will result in well-defined x-ray beams leaving the sample at 
certain directions. Hence, a diffracted beam may be described as a beam composed 
of a large number of scattered rays mutually reinforcing one another. The diffraction 
condition can be expressed mathematically by Bragg's law in equation (2.1) 
2dsin 0 = n A (2.1) 
where d is the interplanar spacing,入 is the wavelength of the incident x-ray and 6 is 
the angle between the incident x-ray beam and the specific set of atomic planes. The 
process of reflection is described in terms of incident and reflected (diffracted) rays, 
each making an angle 6 with a fixed crystal plane. Reflection occurs from planes set 
at angle 6 with respect to the incident beam and generates a reflected beam at an 
angle 2 6 from the incident beam. The possible d-spacing defined by the Muller 
indices h, k, 1 are determined by the crystal structure of the sample. 
In this work, a SIEMENS Basic D5005 X-Ray Diffractometer System was 
used to determine the crystal structure of the implanted samples. The system is 
configured to the glancing angle geometry so as to obtain thin film information. The 
schematic of this setup is shown in Fig. 2.4. An intense x-ray beam is created from 
the copper Ka radiation at a wavelength of 1.54056 A inside the x-ray tube. A mirror 
(Gobel mirror) is placed at the exit mouth of the x-ray tube to converge the x-ray 
beam so that a parallel, energetic and highly monochromatic beam of x-ray can shine 
on the sample surface with an incident angle a. The choice of the angle of incidence 
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depends on the kind of material under studied. Usually, a varies in the range from 
unity to several degrees. A small incident angle of a = 1° is chosen in this study to 
minimize the effective diffraction pattern contribution from the substrate since the x-
ray beam cannot penetrate through the substrate. 
In addition to phase identification, the grain size of the implanted samples 
was also estimated from the full width in radians subtended by the half maximum 
intensity width of the corresponding diffraction pattern peak using Scherrer equation 
[35] as shown in equation (2.2). 
风 - (2.2) 
Lcos6 
where B(29) is the measured width of the peak of the material under studied,入 is the 
wavelength of the x-ray used and L is the grain size. Although this method has a 
limitation that grain size larger 1000 A is hardly accurately measurable, it is 
applicable with certain degree of accuracy in this study since the thickness of the 
prepared magnetic nanocomposite film is estimated to be about 700 A which is 
below 1000 A. 
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Figure 2.4 Schematic of glancing angle x-ray diffractometry. 
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2.2.3 Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) was invented by G. Binning et al. in 1986， 
and was introduced to overcome the limitation of the scanning tunneling microscopy 
(STM), which requires a conductive sample. A F M can operate under ambient 
conditions and has very wide applications not only in fundamental surface research 
but also in industry. 
A F M is based on the measurement of the inter-atomic interaction between the 
probing tip and the sample. The probing sharp tip is attached at the free end of a 
flexible cantilever, of which the spring-constant is very low, typically in the order of 
0.1-10 N/m. The cantilever is attached to a piezoelectric ceramic scanner system, so 
that it can scan over the sample surface as well as displacing vertically above the 
sample in a precise and controlled manner. When the tip engaged and then contacted 
to the surface of sample, the atomic interactions between the atoms on the tip and the 
sample cause the cantilever to bend or deflect. The vertical displacement of the free 
end of the cantilever is measured by the following method. A laser beam from a laser 
diode is shined on and reflected from the back of the cantilever and into a position-
sensitive photodiode (PSPD) detector. When the tip is scanned over the sample, the 
cantilever bends, the position of the laser beam on the detectors shifts and thus a 
vertical displacement as small as 1 nm can be measured. Therefore, the topography 
of the sample can be obtained without displacing atoms. 
The most common mode of operation of A F M is the constant contact force 
I 
mode. A constant magnitude of cantilever deflection and hence a constant force and 
separation between the tip and the sample is maintained by using a feedback loop on 
the scanner. In this study, the topographic images of some implanted samples are 
studied and obtained with an A F M operating in contact mode. 
— 
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2.2.4 Vibrating Sample Magnetometry (VSM) 
All materials acquire a magnetic moment when placed in a magnetic field. 
The magnetic moment per unit volume is known as the magnetization. The vibrating 
sample magnetometer (VSM) measures the magnetic moment of a specimen by 
detecting the a.c. field signal produced by an oscillating sample moment. This 
technique was first highlighted by Foner [36-37] and has now completely superseded 
the vibrating-coil method to become universally accepted as a research measurement 
technique for various magnetic and superconducting applications. 
The schematic diagram of our V S M is shown in Fig. 2.5. The measurement 
technique is very simple to describe. The sample is attached to the lower end of a 
rigid rod and made to oscillate vertically by the vibrator controller, typically over 1 -
1.5 m m and with frequencies of 40 - 80Hz. If the sample is magnetized (either 
permanently or in response to an external applied field) the oscillation will induce an 
a.c. signal in a set of suitably placed pick-up or sense coils which is 7 m m apart from 
each other. The amplitude of this signal is proportional to the magnetic moment of 
the sample. The pick up coils are usually connected as a gradient pair such that the 
induced emf in each coil can sum up. This also has the advantage, if the coils are 
matched, of rejecting the total emf induced in the coil system by change of any 
external applied field. The lock-in amplifier (LIA) is tuned to the vibration frequency 
using a reference signal from the vibrator controller and detects the in-phase voltage 
from the sense coils. The applied field and sample temperature may be varied under 
» 
computer control. The computer control may then record the LIA voltage data as a 
function of field, temperature or time. -
The LIA voltage can then be scaled in order to review the magnetic moment 
of the sample. This scaling factor can be found by measuring a known reference 
24 
Chapter 2 Samples Preparation and Characterization Techniques 
sample and storing it as a calibration data in the software. Subsequent moment 
measurements would then be relative to the reference sample. Materials such as 
nickel, palladium or iron can be used as the reference sample. 
The overall accuracy of the V S M measurements depends on a number of 
factors. In this study, a Maglab V S M equipped with a superconducting magnet and 
variable temperature insert (VTI), which is capable of generating a maximum 
magnetic field of 9 Tesla, is used to measure the magnetic properties of the samples. 
Its sensitivity can allow the measurement of magnetic moments as small as 5 x 
A m (5 X 10" emu). Reliable measurement depends on various factors such as how 
accurate the magnetic moment of the reference sample is known, the degree to which 
the reference sample is physically well matched to the unknown sample, how 
repeatable the V S M measurement is after the instrument has been calibrated, the 
magnitude of the actual moment to be measured and the field, temperature stability 
and the sample positioning. A cylindrical-shape Ni standard sample of 1 m m 
diameter x 1 m m height with mass equal to 0.00516 g is used as the calibratilon 
sample for our VSM. It has a saturation moment in a field greater than 0.5 T of about 
55 emu/g. For our magnetometer, accurate measurement can guarantee high accuracy 
with only 2% experimental error. 
Besides usual magnetization measurements, other kinds of magnetic analysis 
can be done with our VSM. The temperature controller, regulated with the degree of 
openings of the needle valve, can be used to adjust the temperature inside the sample 
t 
place such that variable temperature magnetization measurements with temperatures 
ranging from 5K - 300K can be achieved. The magnetization of the samples as a 
function of temperature at a fixed applied magnetic field (M-T characteristic) can 
also be measured with our VSM. Magnetic anisotropy effect of magnetic thin films 
Ys 
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can also be examined by orienting the thin film samples in-plane or out-of plane with 
the applied magnetic field during measurement. Besides, we can also perform 
remanance curve measurements to obtain abundant information about the magnetic 
properties of the sample. One of such remanance curves is the D C demagnetization 
curve (DCD). It is obtained by first fully magnetizing the sample in the positive field 
direction so that the magnetization of the sample reaches saturation, Ms. Once the 
applied field is removed, the residue magnetization (remanence Mr) is recorded. At 
this moment, an increasing demagnetizing fields is applied in each step and the 
magnetization is recorded when the applied field is removed again. This remanence 
curves can yield the true switching field distribution (SFD) and information related 
to intergranular exchange coupling of magnetic grains inside the sample. 
In this work, the magnetic properties of the implanted samples and annealed 
samples were obtained by V S M with the applied field up to 6 Tesla. Low 
temperature (5K) magnetization measurement was carried out for some particular 
samples to observe the low temperature characteristics of these samples. On the other 
hand, for samples with interesting magnetic behaviors, magnetic anisotropy was 
studied by measuring the magnetization of the samples aligned in-plane or out-of 
plane with the applied magnetic field. Exchange coupling effect was also studied by 
measuring the D C D curves of some particular samples. 
I 
— 
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Chapter 3 Characterization of Co and Co/Pt Implanted Samples 
In this chapter, correlation between the structural and magnetic properties of the 
Co implanted and Co/Pt implanted samples will be examined by various techniques 
including Rutherford backscattering spectrometry (RBS), x-ray diffractometry (XRD) 
and vibrating sample magnetometry (VSM). 
3.1 Composition of Implanted Samples 
The compositions of the as-implanted Co-Si02 and CoPt-Si02 samples were 
determined by Rutherford backscattering spectrometry (RBS). Figure 3.1 shows the 
RBS spectra of the thermally grown Si02 and the as-implanted Co-Si02 
nanocomposite film with a nominal Co dose of 4 x ions/cm^. The simulated 
spectra using the SIMNRA 4.4 program are also shown as the grey lines. The fitting 
model used for simulating the depth profile of Co in the Co-SiO� nanocomposite film 
is shown in Fig. 3.3(a). The thickness of each layer is expressed in terms of the unit 
I c <•) 
of 1x10 atoms/cm . The actual thickness can be determined provided the density of 
the layer is known. The model is made up of 4 layers with the first 3 layers 
consisting of Co, Si and O atoms. The atomic ratio of Si to O in these 3 layers is 
fixed to 1:2. It is observed that the depth profile of the implanted Co atom increases 
in the 2"'' layer and decreases in the layer, which basically agrees with the depth 
profile of a guassian distribution by ion implantation. The thickness of the Si02 layer 
was estimated by dividing the fitting result with the atomic density of bulk SiOz > 
(2.2x1 O^^atoms/cm^) and was found to be 117土3nm, which is comparable to the 
value of 〜128nm obtained from spectroscopic ellipsometry (SE) measurements. The 
fitting result also indicated that the estimated retained dose of Co after implantation 
is about 3.3±0.2xl0i6ions/cm2，which is 82% of the nominal dose. The fact that the 
_ 
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Figure 3.1 RBS spectra of thermally grown Si02 and as-implanted Co-SiO�. The 
later spectrum is offset for better identification. The oxide was grown in furnace at 
1 lOCfC for 1 hour; the nominal Co dose was 4 x lO'^  ions/cm^; the grey lines are the 
simulated spectra using SIMNRA 4.4. 
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Figure 3.2 RBS spectra of the as-implanted COxPti.x-Si02 implanted with different Pt 
doses. The grey lines were the simulated spectra. The values of the composition x in 
the Coi.xPtx films determined by the fitting were also shown. — -
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retained dose of Co is not equal to the nominal dose of Co may result from a number 
of factors such as system uncertainty, non-uniformity of the ion beam and sputter 
effect during implantation etc [38]. Figure 3.2 shows the RBS spectra of all 
sequentially implanted Coi-xPtx-SiO� nanocomposite film. The Co and Pt peaks can 
be clearly seen and they are segregated in the spectra. The fitting model used also 
consists of 4 layers with different thickness and elemental compositions. The fitting 
model of a particular sample implanted with 2 x lO'^ cm"^  Pt ions is shown in figure 
3.3(b). The first 3 layers contain Co, Pt, Si and O atoms. It is observed that the 
concentration of the implanted Co and Pt decreased with the depth of the film and do 
not seem to follow a guassian distribution. The reason may be that since Pt atom is 
heavy and the extraction voltage used to implant Pt ions is relatively high (50kV), 
sputtering was severe during implantation such that layers containing Co atoms just 
below the sample surface were sputtered out. On the other hand, implanted Pt atoms 
may also be sputtered out by the subsequent Pt ions during the process. This results 
in the smaller concentration of both species against depth from film surface after 
implantation. Following similar fitting profile, the fitting results of all Coi.xPtx-Si02 
samples are summarized in Table 3.1. The estimated atomic fraction z and volume 
fraction v of total implanted atoms are also shown in Table 3.1. The detailed 
calculation of these two quantities is shown in Appendix C. The results suggest that 
the composition x of the implanted samples is sensitive to implantation conditions 
used. It ranges from 34 to 51 at % such that near equi-atomic ratio of implanted Co 
I 
and Pt atoms was obtained from the implantation condition used as given in Chapter 
2, provided that we assume complete alloying of implanted Co and Pt atoms. Fig. 3.4 
is a plot of the retained dose of Co and Pt determined by RBS as a function of 
nominal Pt dose. When the sample was implanted with higher Pt dose, the retained 
^ ‘ 
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Figure 3.3 Fitting models of as-implanted (a) Co-SiO? and (b) Co58Pt42-Si02 
nanocomposite films. The right hand side is the thickness of the layer expressed in 
lO^^atoms/cm^. 
Samples Atomic composition x Atomic fraction z in Volume fraction 
" in Coi.xPtx (%) (CoPt),(Si02)i.z (%) V (%) 
Co / 7.25 一 4.11 — 
CoPtl 34 — 12.88 8.04 
CoPt2 “ 42 12.71 8.08 
CoPt3 ‘ ^ 13.89 8.90 
一 CoPt4 51 15.35 9.64 
Table 3.1 Summary of RBS results of Co and Coi.xPtx implanted samples including 
atomic composition and fraction of the implanted species. 
- -
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dose of Co decreased steadily and slightly suggesting that sputtering of implanted Co 
atoms by the subsequent ions was not severe during implantation. On the other hand, 
the retained Pt atoms inside the sample increases with the nominal Pt dose. This 
suggests that more and more Pt ions could be successfully implanted into the sample 
with a low degree of sputtering. The trend in Fig. 3.4 also indicates that when the 
nominal Pt dose is further increased to higher value, the retained Pt atoms could 
further be increased until saturation level is reached. This may result from the 
relatively low beam current and extraction voltage chosen during implantation. 
The atomic fraction and volume fraction of total Co and Pt implanted atoms to 
host Si and O atoms are plotted in Fig. 3.5. The atomic fraction of the implanted . 
species is low, ranging from only a few % to 16%. Clearly the atomic fraction is 
increasing with the nominal Pt dose and it seems that the trend can follow even with 
higher Pt dose until saturation level is reached. 
RBS was also used to study the diffusion characteristic of the annealed samples. 
Shown in Fig. 3.6 are the RBS spectra of the as-implanted Co49Pt5i-Si02 samples 
before and after thermal treatments. Annealing was carried out at 700°C and 1100°C 
by RTA for 1 min in flowing Ar ambience. After annealing, it is clear that both Co 
and Pt peaks shift to higher backscattering energy indicating that some the implanted 
species gradually diffuse out to the film surface upon annealing. However, the 
portion of the species diffused out to the surface is not high since the area of the 
out-diffused region is small, 
i 
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Figure 3.4 Retained doses of Co and Pt as a function of nominal Pt dose. 
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Figure 3.6 RBS spectra of as-implanted and annealed Co49Pt5i-Si02 nanocomposite 
film; (a) Pt peak and (b) Co peak. 
3.2 Phase Evolution and Crystal Structures 
To examine the phase formation characteristics and crystal orientations of the 
samples, x-ray diffractometry in a glancing angle configuration was setup and used 
to obtain the x-ray diffraction spectra of both the as-implanted and annealed 
Coi.xPtx-Si02 nanocomposite films. Fig. 3.7 shows the X R D spectra of all the 
�� 
as-implanted Co-Si02 and Coi.xPtx-SiO? nanocomposite films with different 
composition x. The as-implanted Co-SiOi is amorphous as no diffraction peak can be 
observed in the X R D spectrum. For subsequent Pt implanted samples, a broad peak 
with low scattering intensity extending from 29 = 36。to 47° is observed. Within this 
range, it is known that the Pt (111), CoPt (111) and Co (111) peaks are located at 26 
=39.76。’ 41.66° and 44.22。’ respectively. This suggests that the Pt irradiated samples 
S ‘ 
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are more or less amorphous or it only consists of small amount of Pt and CoPt alloy 
nanocrystals. The reason for the formation of only a small amount of nanocrystals 
may be that the implantation temperature (below 100。C) was not high enough for the 
implanted species to crystallize and grow. Another reason is the low implantation 
dose chosen for the ion species such that even the as-implanted species could 
partially crystallize the grain sizes were still too small to be detected by XRD. 
Upon annealing, crystallization of the implanted species will happen. Shown in 
Fig. 3.8 are the X R D spectra of Co-Si02 and Coi.xPtx-Si02 nanocomposite films 
annealed by RTA at 700°C for 1 min. For the Co-Si02 nanocomposite films, 
formation of Co nanocrystal after annealing is clearly indicated by the appearance of 
the Co (111) and Co (200) diffraction peaks at 29 = 44.22。and 51.52°, respectively. 
For the Coi-xPtx-SiOa nanocomposite films with various x, a number of CoPt alloy 
diffraction peaks including (111), (200), (002)，(220) and (202), corresponding to 26 
values of 41.66。，47.94。，49.58。，70.12。and 71.42。’ respectively, are observed in their 
X R D spectra. This suggests that the annealed samples are polycrystalline and the 
CoPt nanoparticles are randomly oriented within the amorphous Si02 substrate. All 
these peaks belong to the chemically disordered fee phase and no diffraction peaks 
was observed at 20 = 24.19° or 33.38。’ which are the characteristic diffraction peaks 
of the chemically ordered Llo-CoPt phase. 
3.2.1 Phase Evolution with Annealing Temperature 
The phase evolutions with annealing temperature Ta of a Co rich Co58Pt42 
sample are shown in Fig. 3.9. Annealing was carried out at 700°C to 1100°C by RTA 
for 1 min. It could be seen that all the diffraction peaks become sharper and sharper 
with increasing Ta, which is an indication of grain growth upon thermal processing. 
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Figure 3.7 a-2Q X R D spectra of as-implanted Co-Si02 and Coi.xPtx-Si02 
nanocomposite films. The spectra were shifted vertically from each other to avoid 
overlapping for clarity. 
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Figure 3.8 a-2Q X R D spectra of Co-SiO� and Coi.xPtx-SiO� nanocomposite films 
after annealing by RTA at 700。C for 1 min. 
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Although Ta was elevated to 1100°C, there is still no formation of the chemically 
ordered fct-CoPt diffraction peak in the spectrum. These results showed that highly 
anisotropic grains of Llo-CoPt are not formed under these thermal treatments. Hence, 
it is expected that the magnetic hardness of the samples will not be high for samples 
prepared using these annealing conditions. However, we cannot exclude the 
possibility of the formation of a small amount of Llo-CoPt with too small an 
intensity to be detected by our diffractometer. 
3.2.2 Grain Size of Implanted Samples 
Fig. 3.10 shows the grain size D X R D as a function of annealing temperature of a 
Co-rich Co58Pt42 and a slightly Pt-rich Co49Pt5i samples. The grain size was 
estimated using the Scherrer equation given in page 22 of Chapter 2 of this thesis. 
The grain size of the as-implanted samples is very small since the as-implanted 
samples are more or less amorphous. Upon annealing, crystallization accompanied 
with grain growth occurs such that the grain size increases with Ta. The grain size of 
C058Pt42 and Co49Pt5i reaches to 〜16±0.5nm and 14±0.5nm respectively when they 
were annealed at 1100°C for 1 min. 
3.3 Magnetic Properties 
The magnetic properties of the prepared samples were measured by a vibrating 
sample magnetometer (VSM). During measurement, the samples were cut into small 
t 
pieces with an area of about 5 m m x 5 m m and then fit into the sample holder. The 
magnetic field was applied in plane with the sample surface. For better description of 
the magnetization of the implanted ferromagnetic species, the unit of magnetization 
is expressed in terms of Bohr magneton per unit implanted atom according to 
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Figure 3.9 X R D a-29 spectra of Co58Pt42-Si02 nanocomposite films annealed from 
700°C tollOO^Cforlmin. 
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Figure 3.10 Grain size D X R D of Co58Pt42-Si02 and Co49Pt5i-Si02 nanocomposite 
films at various annealing temperature Tafor Imin. 
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equation (3.1). 
,, . . , / 、 mx0.001xl.079xl0'' ^ ,、 
Magnetization (//g /atom) (3.1) AreaxDose 
where m (emu) is the magnitude of the magnetic moment of the sample directly 
measured by our VSM; Area (cm^) is the area of the sample being measured; Dose 
(atom/cm ) is the dose of the implanted species measured by RBS. The Bohr 
magneton jUn = eh/Inie = 0.927 x 10" erg/Oe, where e is the electronic charge; h = 
1.0546 X 10—27 ergs is the Planck's constant and m^ is the mass of an electron, is the 
spin magnetic moment of a single electron and is a fundamental unit in magnetism. 
Fig. 3.11 gives the magnetization curves of all as-implanted Co-Si02 and Coi-xPtx 
samples. The results show that all as-implanted samples exhibit soft magnetic 
properties with low saturation magnetization Ms and low coercivity He. Basically, Ms 
per atom is below 0.6 and He is below 300 Oe in all as-implanted samples. This 
agrees with the X R D results that the as-implanted samples are more or less 
amorphous or contain only small grains. Besides, the M-H loops are noisy. The 
reason is that the saturation moment is very small in the as-implanted samples, with 
magnitude ranged from 〜9x 10'^  to 60 x 10'^  emu. It is close to the detection limit of 
our V S M 
3.3.1 Dependence of He on Film Compositions 
Thermal treatment will sharply alter the magnetic properties of the as-implanted 
samples. Shown in Fig. 3.12 are the magnetization curves of Co-Si02 and 
Coi.xPtx-Si02 after they annealing at lOCKfC for 1 min by RTA. Upon annealing, the 
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magnetic properties of the samples become magnetically harder than the 
as-implanted samples. Both saturation magnetization Ms and coercivity He of the 
samples increased as a consequence of crystallization and grain growth of 
ferromagnetic nanoparticles inside the films. He and Ms vary significantly with the Pt 
concentration of the samples. In Fig. 3.13, He and Ms are plotted as a function of Pt 
concentration of the samples with the magnetic field applied parallel to the sample 
surface. He increases with Pt concentration over the range of sample prepared in this 
work. When the Pt concentration is ~ 51%, a He value of l.OSkOe, the highest among 
this batch of sample, was obtained. The result suggests that subsequent Pt 
implantation will enhance the coercivity He of the Co implanted SiO� since all the Pt 
implanted samples show a higher He than the only Co implanted sample. The 
increase in He is due to the formation of CoPt alloy nanoparticles confirmed by XRD. 
The fact that near equi-atomic CoPt will result in higher He has been discussed by 
others [10, 30] and it was found that the increase in He is related to chemical ordering 
of the Llo-CoPt alloy. However, in our case, there is no ordered CoPt phase 
formation from XRD. Other mechanisms should be responsible for the increase of H^ 
of the prepared CoPt nanocomposite film and this will be discussed in the next 
session. On the other hand, Ms per Co varies between \3jUb and 2jUb. Also, Ms tends 
to increase with Pt concentration. 
3.3.2 Dependence of He on Annealing Temperature 
,Fig. 3.14 shows the magnetization curves of a Co-rich Co58Pt42 sample annealed 
» 
at 700OC to 1100°C for 1 min in flowing Ar ambience. The plot of He against 
annealing temperature is shown in Fig. 3.15. Shown also in the same figure is the 
grain size D X R D of the sample determined from the line width of CoPt (111) 
diffraction peaks in X R D spectra. The grain size of as-implanted CoPt is very small. 
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Figure 3.11 Magnetization curves of as-implanted Co-Si02 and Coi.xPtx samples. 
Measurements were made at 300K with the magnetic field applied in plane with the 
substrate surface. 
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Figure 3.12 Magnetization curves for Coi.xPtxsamples annealed at 1000。C for Imin 
in flowing Ar ambient. Measurements were made at 300K with the magnetic field 
applied in plane with the sample surface. 
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After thermal annealing, both H E and D X R D increased with annealing temperature TA. 
This result reveals that increase in He is mainly due to grain growth of the sample but 
not chemical ordering of CoPt since no clear diffraction peaks corresponding to the 
fct-CoPt phase was seen in the X R D spectra by these thermal treatments. 
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Figure 3.13 Dependence of the coercivity He and saturation magnetization Ms of 
Co].xPtx-Si02 on the Pt atomic fraction x (at %)，measured with the applied field 
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Figure 3.14 Magnetization curves of Co58Pt42-Si02 annealed at various temperatures 
for 1 min in flowing Ar ambient. Measurements were made at 300K with the 
magnetic field applied in plane with the substrate surface. 
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Figure 3.15 Coercivity He and grain size of a Co-rich Co58Pt42-Si02 nanocomposite 
film as a function of annealing temperature Ta. 
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Chapter 4 Characterization of Fe and Fe/Pt implanted Samples 
4.1 Overview 
In this chapter, measurement results and analysis of the Fe and Fe/Pt implanted SiOi 
nanocomposite films will be addressed. Two series of Fe and Fe/Pt implanted samples were 
prepared. For the low dose implanted Fe and Fe/Pt samples, the implantation condition is 
the same as that of Co and Co/Pt implanted samples discussed in the last chapter. To study 
the effect of overall volume fraction of ferromagnetic species on the structural and 
magnetic properties, a relatively higher dose of sequential Fe and Pt implantation was 
performed to directly enrich the volume fraction of the overall ferromagnetic species inside 
the host matrices. The preparation conditions of these samples are summarized in Chapter 2. 
The prepared samples were characterized by RBS, XRD, A F M and V S M measurements. 
4.2 Low Dose Implanted Samples 
4.2.1 RBS 
The experimental RBS spectra of as-implanted Fe-SiCb and subsequently Pt implanted 
Fei.yPty-SiOz samples are shown in Fig 4.1. The fitting model used for all Fei.yPty-SiO! 
nanocomposite films are similar to that used in Coi.xPtx-Si02 nanocomposite films in which 
the first three layers contain Fe, Pt, Si and O atoms. The atomic ratio of Si to O in these 3 
layers is fixed to about 1:2. The 3 layer model was chosen because it was found that if only 
2 layers were used to simulate the experimental spectra, it was not easy to successfully fit it 
with high accuracy. Following similar fitting profile, the composition of all low dose 
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Figure 4.1 RBS spectra of the as-implanted samples implanted with Fe (4xl0'^cm"^) and 
then Pt (2 - the grey lines are the simulated spectra using SIMNRA. The 
composition y in Fei.yPty of each sample determined by fitting of the respective spectrum is 
also shown. 
implanted Fe and Fe/Pt samples is summarized in Table 4.1. The composition y in 
Fei.yPty-Si02 nanocomposite films ranges from 40 to 55 at. %, provided that complete 
alloying of the implanted Fe and Pt atoms is assumed. As a result, near equi-atomic ratio of 
implanted Fe and Pt was successfully prepared by the low dose implantation conditions 
used. 
Fig. 4.2 shows the retained dose of Fe and Pt measured by RBS as a function of 
nominal dose of Pt used for implantation. The smooth variation of retained dose of Fe » 
indicates that sputtering of Fe atoms during Pt implantation is slight. The increasing 
retained dose of Pt suggests that more and more Pt atoms were implanted into the substrate. 
These results are similar to that of Co and Pt implanted samples since the atomic mass of 
45 ‘ 
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Fe only differs a little bit from that of Co. The point of intersection of these two curves 
indicates that equi-atomic ratio of Fe and Pt inside SiOi could be obtained when the 
nominal Pt dose chosen was equal to ~ 2.3 x lO'^  cm"^ . 
Fig. 4.3 shows the atomic fraction and volume fraction of total implanted FePt atoms 
to the SiOi as a function of various nominal Pt doses. Both quantities are increasing with 
the Pt dose. As the retained Fe atoms inside SiOi do not vary a lot with the nominal Pt dose, 
the increase of these two fractions mainly results from the increase of the retained Pt dose. 
Depth profile and distribution of the implanted samples are also studied by RBS. Fig. 
4.4 gives the RBS spectra of as-implanted and annealed FesgPUi-SiO? which was implanted 
with 10 X 10i6 cm-2 Fe ions and 4x cm'^ Pt ions sequentially. The samples were 
annealed by RTA at various temperatures for 1 min in flowing Ar ambience. The fact that 
more and more Fe or Pt atoms are distributed in the high energy edge of the spectra 
suggests that they tend to diffuse out to the sample surface after annealing at 700°C for 1 
min. This behavior is similar to Co and Pt sequentially implanted SiOi sample discussed in 
the last chapter. 
Sample Atomic composition y in Atomic fraction z in Volume fraction 
： Fei.yPty (%) (FePt),(Si02)i.z(%) (%) 
Fe / / 4.13 
~FePtl 40 一 11.53 7.08 — 
FePt2 44 — 11.79 — 7.51 — 
""“FePt3 ‘ 53 13.36 8.53 
""“FePt4 55 15.67 10.21 
Table 4.1 Summary of the atomic composition, atomic fraction and volume fraction of the 
implanted species determined by fitting the RBS spectra of the Fe and Fei.yPty implanted 
samples. • 
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Figure 4.2 RBS measurement results of the retained doses of Fe and Pt versus nominal Pt 
dose. 
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Figure 4.4 RBS spectra of as-implanted and annealed FesGPtu-SiOi nanocomposite film; 
the implant doses are 10 x cm"^ (Fe) and 4 x cm'^ (Pt); (a) Pt peak and (b) Fe 
peak. 
4.2.2 Phase Formation and Crystal Structures 
The properties of FePt alloy nanoparticles are highly dependent on its crystal structure. 
Fig. 4.5 shows the x-ray diffraction spectra of as-implanted Fe-SiO: and all Fei.yPty-SiO! 
nanocomposite films. The as-implanted Fe-SiO: is amorphous since no clear diffraction 
peak can be seen. This may be due to the fact that the implant dose and substrate 
temperature are low (<70°C) during implantation. For Fei.yPty-Si02 samples, the only peak 
appeared in the spectrum is the FePt (111) peak which covers a broad range from 20 = 37° 
to 47°. This peak is very broad with low diffraction intensity. This suggests that most of the 
I 
Fe, Pt or FePt nanoparticles are amorphous in the as-implanted samples and only a small 
amount of them interact with each other and become FePt alloy nanoparticles directly after 
implantation. Upon suitable thermal treatment, grain growth and phase transformation 
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happens. Shown in Fig. 4.6 are the X R D spectra of Fe-SiO! and Fei.yPty-Si02 samples after 
they were annealed by RTA at 700°C for 1 min. The Fe(lll) diffraction peak formed at 20 
=44.67° indicates that Fe atoms in Fe-Si02 sample crystallize after annealing. For 
Fei-yPty-SiOi samples, there are multiple diffraction peaks corresponding to various phases. 
These include FePt (111), FePt (200)，FePt (002)，FePt (220) and FePt (202) peaks located 
at 29 = 41.05°, 47.12°, 49.04°, 68.88。and 70.36°, respectively. These diffraction peaks are 
the fundamental peaks of face center cubic (fee) FePt. Apart from these fundamental peaks, 
there are extra diffraction peaks, which do not exist for fcc-FePt. They are the superlattice 
diffraction peaks of face center tetragonal (fct) FePt phase and this phase is known to 
possess very high magnetocrystalline anisotropy Ku. These peaks are labeled with 's' 
(superlattice) in Fig. 4.6. These peaks correspond to s (001), s (110)，s (201) and s (112) of 
FePt at 29 = 23.97。，32.84。，53.55° and 60.28。，respectively. Besides, these annealed 
samples are polycrystalline because they exhibit multiple crystal orientations. 
4.2.2-1 Phase Evolution with Annealing Temperature 
To observe more clearly the phase evolution of the implanted ferromagnetic FePt 
nanoparticles upon annealing, X R D experiment s were carried out with the samples 
annealed at various temperatures. Fig. 4.7 gives the X R D spectra of a Fe rich Fe56Pt44-Si02 
sample at various annealing temperatures Ta. Annealing was performed by RTA from Ta = 
) 
600。C to 1100°C for 1 min in flowing Ar ambience. From the results, it is observed that 
when Ta = 600°C, only chemically disordered fcc-FePt is formed as seen from the FePt 
(111), FePt (200), FePt (220) and FePt (202) peaks. When Ta is increased to 700°C, 
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Figure 4.5 X R D a-20 spectra of as-implanted Fe-SiO? and Fei.yPty-SiO! nanocomposite 
films. The spectrums are shifted for easy comparison. 
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Figure 4.6 X R D a - 2 e spectra of Fe-Si02 and Fei.yPty-Si02 nanocomposite films with 
various Pt concentration y. The samples were annealed at 700°C for 1 minute in flowing Ar 
ambience. 
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phase transformation from disordered fcc-FePt to the ordered fct-FePt occurs and peaks 
corresponding to fct-FePt begin to appear in the spectrum. Similar transformation 
temperature in FePt thin films was reported by other researchers [39, 44]. When Ta was 
elevated to 1100°C, the degree of fct phase transformation is degraded since som^ of the 
implanted Fe atoms were oxidized forming Fe�。�. Similar phenomenon was also seen in 
samples prepared with different Pt concentrations. As a result, the sample no longer 
contains FePt phases only but with a mixture of fcc-FePt, fct-FePt and FesO). This is not 
favored for applications in E H D R media. 
4.2.3 Grain Size of Implanted Samples 
The grain size D X R D of a Fe rich Fe56Pt44 and Pt rich Fe45Pt55 samples were estimated 
from the line width of the FePt (111) diffraction peak in the X R D spectra. The results are 
plotted in Fig. 4.8. Similar to Co and Pt implanted samples, D X R D is very small in the 
as-implanted samples since they are mainly amorphous or contain only very small 
nanoparticles of FePt alloy. Annealing promotes crystallization and grain growth of 
implanted ferromagnetic species so that the grain size will increase. When Ta is 700°C, the 
x-ray spectrum indicates fct-FePt formation with small D X R D of below 6 nm for both 
samples. When Ta is elevated to 900。C’ D X R D is increased to 15.8±0.5nm and 17.1±0.5nm 
for the Fe56Pt44-Si02 and Fe45Pt55-Si02 samples, respectively. Further increase of Ta will 
lead to the formation of other phases such as Fez。� no matter how small their amount is. In 
> 
addition, another indication of more and more fct-FePt formation comes from the fact that 
the grain size estimated from the s (001) peak in Fig. 7 also increases with Ta. This implies 
that higher temperature annealing (below 1100。C) will promote phase transformation of 
— 
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Figure 4.7 X R D a-29 spectra of Fe56Pt44-Si02 nanocomposite films annealed at various 
temperatures for 1 min. 
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Figure 4.8 Grain size D X R D of Fe56PU4-Si02 and Fe45Pt55-Si02 nanocomposite films 
annealed at various temperatures for 1 min. 
Chapter 4 Characterization ofFe and Fe/Pt Implanted Samples  
disordered fee-FePt to ordered fct-FePt grains. 
4.2.4 A F M Results 
The surface morphology and topography of the Fe and Fe/Pt implanted samples were 
studied with atomic force microscopy operated in the contact mode. Fig. 4.9 shows the 
A F M images of a Fe-rich Fe56Pt44-Si02 sample with various annealing temperatures Ta and 
annealing time ta. Thermal treatments were performed in a furnace in flowing N2 
atmosphere. The surface morphology of the as-implanted and 600°C annealed samples are 
seen to be very smooth. This agrees with the X R D results that the grain size D X R D of 
as-implanted and 600°C annealed Fe56Pt44-Si02 are very small. When Ta = 800°C, the 
emergence of small islands was clearly seen. When the anneal time at this temperature is 
prolonged to 4 hours, the island size increases rapidly. This may imply that the islands 
mainly grew by out-diffusion of the implanted atoms in the initial stage of annealing. The 
out diffusion characteristic of the implanted Fe and Pt atoms is also seen from RBS results 
discussed in the previous session. When ta is prolonged to 8 hour, the size of island is 
further increased but the density of island is slightly decreased. This suggests that most of 
the implanted atoms had out diffused to the sample surface and the growth of the islands is 
due to coalescence of the smaller islands through a surface diffusion process. This result is 
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Figure 4.9 A F M (contact mode) micrographs of Fe56Pt44-Si02 taken at various temperatures 
and time shown. The samples were annealed with furnace in flowing N2 atmosphere. 
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4.2.5 Magnetic Properties 
The magnetic properties of the prepared FePt nanocomposite films were studied by 
VSM. The magnetic measurements were all carried out at room temperature with the field 
applied in plane with the sample surface. Samples used for measurements were cut into 
small pieces with an area of ~ 5 m m x 5 m m so as to fit into the sample holder of the 
magnetometer. 
4.2.5-1 M - H Characteristics 
Fig. 4.10 shows the M-H loops of all the as-implanted Fe and Fe/Pt samples. The 
value of magnetization is expressed in terms of bohr magneton per unit total implanted Fe 
atom. The as-implanted samples are soft with moderate saturation magnetization Ms and 
low coercivity H。. In general, Ms per implanted Fe atom is below \.6jUb and He is less than 
250 Oe in all these samples. These relatively soft properties result from the amorphous state 
or fine nanoparticles of disordered FePt grains in the as-implanted samples as it is 
suggested by X R D results that small quantities of fine FePt nanoparticles were formed 
directly after sequential implantation of Fe and Pt ions. 
4.2.5-2 Coercivity Against Annealing Temperature 
Thermal treatments clearly have a significant effect on the magnetic properties of the 
Fe and Fe/Pt implanted samples. Shown in Fig. 4.11 are the magnetization curves of the 
I 
prepared Fe-SiO! and Fei.yPty-SiOi samples with various Pt concentrations shown. All 
samples in this figure were annealed by RTA at 700。C for 1 min. High Ms value of ~ \.6jub 
per Fe atom is obtained in the Fe-SiO� sample due to the formation of Fe (111) crystals. 
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Figure 4.10 Magnetization curves of as-implanted Fe-SiOi and Fei.yPty-Si02 samples. 
Measurements were made at 300K with the magnetic field applied in plane with the sample 
surface. 
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Figure 4.11 Magnetization curves of Fe-Si02 and Fei.yPty-Si02 samples annealed at 700°C 
for 1 min. Measurements were made at 300K with the magnetic field applied in plane with 
the sample surface. 
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When Ta is increased to 900°C, the Ms value can reach to ~ \M JUB per Fe atom, which is 
about 20% lower than the bulk value (2.2//s) of bcc Fe. After Pt implantation, the samples 
become magnetically harder. Both Ms and He increased to certain extent depending on the 
Pt concentration of the samples. The sample with 44% Pt (Fe56PU4) is still not completely 
saturated when the applied field is as high as 40k Oe. The saturation magnetization Ms and 
coercive field He of this sample reached ~ 2.09JUB and ~ 3.8k Oe although the coercive field 
obtained in this case can only represent a lower limit. The high He value obtained in this 
work originates from the FePt nanoparticles in the fct Llo structure as confirmed by XRD. 
In addition, the M H loop of this sample seems to be different from the standard one. A set 
of double 'shoulder' near zero applied field H = 0 Oe was obviously formed. Similar 
phenomenon was observed by many other researchers in FePt thin films prepared by 
different methods [21-22，26, 28, 42], It is believed that the origin of these features is 
related to the superposition of two hysteresis loops, one arising from a soft magnetic phase 
and the other from a hard magnetic phase. In our case, the soft magnetic phase may be the 
disorder fcc-FePt phase since incomplete transformation of fee to fct phase of FePt may 
result from R T A with such a short annealing time. Another possibility is that small 
quantities of FesPt or FePta grains, which are also chemically stable phases in the binary 
alloy phase diagram of FePt, have been formed. Although no peaks corresponding to these 
two phases could be observed in the x-ray diffraction spectrum of this sample, the 
possibility of its existence cannot be excluded as the characteristic peak positions of these 
I 
two phases are close to those of the fcc-FePt so that they can hardly be separated and 
identified from the fee-FePt phase and the concentration of these two phases may be too 
small to be detected by X R D [28]. The extra shoulders develop when there is little or no 
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exchange coupling between the magnetically hard and soft phases. The fact that small or no 
exchange coupling between ferromagnetic grains in nanocomposite films prepared by ion 
implantation in this work is possible since the grains were directly segregated by the 
insulating SiOz matrix so that the magnetic particle's intergranular distance is large when 
the magnetic volume fraction is low, below 20% for our samples prepared under the present 
implantation conditions. Other possible causes of these features include antiferromagnetic 
coupling or effects related to a nonuniform size distribution of the nanoparticles inside the 
matrix. However, further works and analysis are necessary to clarify the origin of this 
feature. 
The magnetic properties of samples annealed at higher temperatures were also studied 
and analyzed. Fig. 4.12 is the magnetization curves of the FessPtw-SiO! nanocomposite 
films annealed at various temperatures Ta from 600°C to 900°C for 1 min. The plot of He 
and grain size D X R D determined from the width of the FePt (111) peak is shown in Fig. 4.13. 
Clearly both H E and D X R D increased with TA. From 600°C to 700°C, phase transformation of 
fee-FePt to fct-FePt begins to occur and it accounts for the rapid increase of He. When Ta is 
further increased, more and more FePt grains were oriented in their Llo structure with high 
magnetocrystalline anisotropy Ku； this leads to the further increase of He. When Ta = 900°C, 
H E reached to ~ 8.7k Oe with an average grain size D X R D of ~ 15.8 nm. Further increase of 
Ta will lead to the formation of Y-Fe203 as seen from X R D results, and the coercive field 
will drop significantly because the relative amount of fct-FePt grains is decreased. 
i 
The coercive field He and the saturation magnetization Ms (taken at an applied 
field H = 4T) depend substantially on the Pt fraction of the samples. 
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Figure 4.12 Magnetization curves of Fe56Pt44-Si02 annealed at various temperatures for 1 
min. Measurements were made at 300K with the magnetic field applied in plane with the 
sample surface. 
Fig. 4.14 and 4.15 are the M-H loops and the plot of He and Ms versus Pt 
concentration y for the low dose implanted Fei.yPty nanocomposite films prepared in this 
work. The x-ray spectra of all samples shown in this figure exhibit characteristic line 
corresponding to fct Llo phases of FePt. The results indicate that He is increasing while Ms 
is decreasing with Pt fraction y. The increase in He is due to the formation of more and 
more Llo-FePt grains when the alloy composition of the sample is close to half-half. This 
behavior agrees with the trend shown in the binary alloy phase diagram of FePt although 
I 
more data points close to and higher than equi-atomic ratio of FePt are necessary to draw a 
more definite conclusion. The highest He of ~ 25.7k Oe was obtained in the sample with a 
Pt fraction y = 55%. This extremely high coercive field of FePt prepared by implantation is 
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Figure 4.13 Coercivity H e and grain size D X R D of a Fe-rich Fe56Pt44-Si02 nanocomposite 
film as a function of annealing temperature Ta. 
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Figure 4.14 Magnetization curves of Fei-yPty-SiO? nanocomposite films annealed at 1000°C 
for 1 min. Measurements were made at 300K with the magnetic field applied in plane with 
the sample surface. 
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Figure 4.15 Dependence of the coercivity He and saturation magnetization Ms at 40k0e of 
Fei-yPty-Si02 nanocomposite films on Pt concentration y (at %), measurement were made 
with the applied field parallel to the sample surface at 300K. The samples were annealed at 
lOOO^C for Imin. 
higher than those reported in the literatures [26, 28, 42-44]. Possible reason of the increased 
coercive force of samples prepared in this work might result from the exchange interaction 
between soft and hard phases. Further discussion of this phenomenon will be given in a 
later session in this chapter. 
4.3 High Dose Implanted Samples 
After investigating the structural and magnetic properties of the low dose implanted 
Fe-Si02 and FePt-SiO: nanocomposite films, the properties of high dose implanted Fe and 
I 
Fe/Pt samples will be studied in this session. A relatively high dose of 10 x 10'^ cm'^  Fe and 
4 - lOx 10i6 Pt atoms were chosen to obtain a set of samples with various atomic 
composition of Fe and Pt and with enhanced volume fraction of the implanted species 
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inside the host matrix. The detailed preparation conditions of this series of high dose 
implanted samples have been given in Chapter 2. 
4.3.1 RBS 
Fig. 4.16 gives the RBS spectra of the high dose as-implanted Fe-SiOi and 
Fei.yPty-Si02 nanocomposite films with the Pt fractions y as indicated. The film 
compositions were obtained by fitting the spectra with SIMNRA. The fitting model used 
consists of four layers where the first three layers contain the implanted atoms and substrate 
atoms. The fitting model of a particular sample implanted with 4 x cm"^ Pt ions is 
shown in Fig. 4.17. The thickness of each layer in the model is estimated by the method 
shown in Appendix C. Both the fractions of Fe and Pt decrease with the depth measured 
from the film surface. A possible cause of this decreasing Fe and Pt depth profile may be 
attributed to the sputtering effect during implantation so that atoms near the surface region 
of the film was sputtered out continuously while the Pt implantation was carried out. Alpha 
step measurements were used to estimate the thickness ts of the films being sputtered away 
during implantation. The steps were created by masking part of the samples from the 
implantation. The results suggest that U increases with the nominal Pt dose as expected. 
When the nominal Pt dose is lOx lO^ c^m"^ , about 110 nm of the sample was sputtered out, 
which is thicker than 50% of the SiO: layer 200 nm) grown as substrate in this high dose 
I 
implantation. The diminishing peaks of iron and oxygen in Fig. 4.16 can also imply 
significant sputtering of these two species during Pt irradiation and the retained dose of iron 
and oxygen in the sample is gradually decreasing. The rapid decrease in the retained dose 
— 
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Figure 4.16 RBS spectra of the high dose as-implanted samples implanted with Fe 
(SxlO^^cm'^) and then Pt (4 - lOxlO'^ cm'^ ). The grey lines are the simulated spectrums by 
SIMNRA. The composition y in Fe^yPty of each sample determined after fitting is also 
shown. 
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Figure 4.17 Fitting models of a FePt implanted sample with implant dose of 10 x Fe 
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ion/cm and 4x 10 Pt ion/cm . The estimated thickness of each layer is also shown. 
— 
Chapter 4 Characterization of Fe and Fe/Pt Implanted Samples  
of Fe with the nominal Pt dose is clearly seen in Fig. 4.18. It also indicates that although 
the retained dose of Pt increases with nominal Pt dose, the rate of increase is slow. This 
implies that Pt itself has suffered from significant sputtering too during Pt irradiation. From 
the fitting results, the estimated composition of the samples ranges from y = 41% to y = 
80% following the high dose implantation conditions. It should be noted that fine control of 
film compositions is more difficult compared with the case in low dose implantation since 
higher degree of sputtering occurs during implantation. 
The atomic fraction and volume fraction of the total implanted Fe and Pt atoms were 
estimated and plotted in Fig. 4.19. The trend of both quantities is similar. Both fractions 
decrease linearly with the nominal Pt dose in Pt dose range from 4 x cm"^ to 1 x 
cm"^ . This shows that the number of atoms sputtered out is higher than the number of atoms 
successfully implanted into the sample during Pt implantation. Maximum atomic fraction 
and volume fraction of ~ 20% and ~ 12.6% were obtained in this work which is higher than 
the corresponding maximum values of 〜16% and -10.2% obtained for low dose 
implantation. 
Thermal annealing will affect the distribution of implanted atoms because of 
thermal energy. The RBS spectra of the as-implanted and annealed Fe59Pt4i-Si02 samples 
are shown in Fig. 4.20. The sample was implanted with 10 x /cm'^  Fe ions and 4x 
)  
cm" Pt ions. Annealing was performed with RTA at various temperatures as indicated for 1 
min. Upon annealing, the heights of both the Fe and Pt peaks decrease while the widths of 
/ 
I 
the two peaks are broadened as a result of diffusion of the Fe and Pt atoms. 
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Figure 4.18 RBS measurement results of the retained doses of Fe and Pt ions versus 
nominal Pt dose. 
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Figure 4.20 RBS spectra of as-implanted and annealed FesgPUi-SiOi nanocomposite films; 
(a) Pt peak and (b) Fe peak. Annealing was performed by RTA at various temperatures as 
indicated for 1 min. 
4.3.2 Phase Formation and Crystal Structures 
The crystal structures of the high dose implanted Fe and Fe/Pt samples were studied 
by x-ray diffraction. Fig. 4.21 shows the X R D spectra of the high dose as-implanted 
Fe-Si02 and Fei-yPty-Si02 nanocomposite films with various compositions y. Crystalline Fe 
grains were formed in the as-implanted Fe-Si02 nanocomposite film as evidenced by the Fe 
(111) peak. This result is different from the case of low dose implanted Fe-SiO: sample in 
which Fe grains in the as-implanted sample is amorphous. For subsequent Pt irradiation, all 
samples show the formation of disordered fcc-FePt phases. This is because higher implant 
dose and higher beam current used would promote the formation of Pt and FePt crystals 
directly during implantation. All as-implanted nanocomposite films exhibit multiple 
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orientations as suggested by the observed FePt (111), FePt (200), FePt (220) and FePt (202) 
peaks of fcc-FePt. For the FePt (111) peak, it is observed that it gradually shifts to lower 26 
values when the Pt content of the samples increases and deviates from the equiatomic ratio. 
This suggests that a near equiatomic ratio of Fe and Pt will favor the formation of FePt 
alloy. In our case, the sample FesgPtu implanted with 4 x cm"^ Pt ions shows a more 
complete formation of fcc-FePt in the as-implanted state compared with samples implanted 
with other doses. 
4.3.2-1 Phase Evolution with Annealing Temperature 
To observe more clearly the phase formation and transformation of the high dose 
prepared samples, x-ray diffraction was performed for samples annealed at various 
temperatures. Fig. 4.22 shows the X R D spectra of all the high dose implanted FePt samples 
after they were annealed at 700°C for 1 min. The results obtained are similar to the low 
dose implanted samples in which the ordered fct phases of FePt will appear after the same 
thermal treatments. Another characteristic is that for the Fe rich FesgPUi sample, it can be 
seen that the FePt (200) peak at 29 = 47.12° has started to split into 2 peaks corresponding 
to FePt (200) and FePt (002) phases but this phenomenon cannot be seen in other samples 
in the same figure. This suggests that chemical ordering of fct-FePt phase of this sample is 
better than others and this better ordering is attributed to the composition of the sample 
where the atomic composition is closer to equi-atomic ratio. Another evidence to verify this 
> 
phenomenon is that the intensity of (001) peak decreases while the Pt content of the sample 
deviates more and more from 50%. It means that near equiatomic ratio of Fe and Pt 
implanted samples will favor the formation of ordered fct-FePt upon annealing. For the 
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Figure 4.21 X R D a-29 spectra of the high dose as-implanted Fei.yPty-SiOi nanocomposite 
films with various Pt concentration y. The spectra are shifted for clarity. 
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Figure 4.22 X R D a-29 spectra of Fei.yPty-SiO� with various Pt concentration y. Samples 
were annealed by RTA at 700。C for 1 min. The spectra are shifted for clarity. 
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sample with 80% Pt, the peaks of FePt (001), FePt (201) and FePt (112) are not observed, 
probably a reflection of the smaller Fe retained dose in this sample and hence a weaker 
saturation magnetization is expected for this sample. 
It is found that the Fe rich FesgPUi-SiOi nanocomposite film prepared by high dose Fe 
and Pt implantation shows a better ordering and more complete phase transformation when 
it was annealed at 700°C for 1 min. To study the phase evolution of this sample in more 
details, this sample was annealed by RTA at various higher temperatures from 600°C to 
1100°C for 1 min in flowing Ar ambience. The x-ray results of them are shown in Fig. 4.23. 
At 600°C, the spectrum is like the as-implanted one because this processing temperature is 
not high enough for the formation of chemically ordered phase of FePt. When Ta is 
elevated to 700°C, superlattice peaks of FePt begin to appear showing that phase 
transformation from disordered fcc-FePt to ordered fct-FePt occurs at this temperature and 
the magnetic properties will become harder. When Ta is raised to 800°C, it is observed that 
the FePt (200) peak almost completely splits into FePt (200) and FePt (002) peaks. This 
suggests that chemical ordering is more complete at Ta = 800°C. The high degree of 
chemical ordering maintained when Ta was further increased to 1000°C. However, when Ta 
was pushed to 1100°C, the temperature was too high that chemical ordering degraded and 
peaks corresponding to FezO�(220) and FezO] (410) were formed. The formation of these 
phases may due to out-diffusion of Fe atoms during thermal treatment. From RBS results 
shown in Fig. 4.20, it is observed that significant out-diffusion of Fe atoms occur at Ta = 
1100°C. It is possible that some of the Fe atoms have out-diffused to the sample surface and 
expose to ambience leading to the formation of Y-FezO;, y-F^zOs (gamma - ferrite) 
nanoparticles, which is commonly used as a major material for magnetic recording tape 
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[45], is ferromagnetic at room temperature with soft magnetic properties. 
4.3.2-2 Grain Size of Implanted Samples 
The grain size D X R D of the high dose implanted samples depends on a number of 
factors such as annealing temperature Ta, annealing time ta and volume fraction (at %) of 
the implanted ions. Fig. 4.24 gives the relationship between grain size D X R D and annealing 
temperature Ta from 600°C to 900°C of all the high dose implanted Fei.yPty-SiOi samples. 
D X R D is estimated by Scherrer formula from the F W H M of FePt ( 1 1 1 ) peak for its highest 
diffraction intensity. D X R D is small and ranges from ~ 8nm to llnm for all the as-implanted 
FePt nanocomposite films. Moreover, D x r d of the high dose as-implanted samples is 
comparatively higher than those of low dose implanted samples because the volume 
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Figure 4.23 X R D a-20 scans of FesgPtu-SiO� nanocomposite films annealed from 600°C to 
1100°C for Imin by RTA. The spectra are shifted for clarity. 
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Figure 4.24 Grain size D X R D of Fei.YPTY-Si02 for various Pt concentration y at various 
annealing temperature Tafor Imin. D X R D is estimated from the F W H M of FePt (111) peak 
in X-ray spectra from Scherrer formula. 
fraction of the total implanted Fe/Pt atoms is relatively higher in the high dose implanted 
samples. Grain growth of FePt alloy nanoparticles happens upon annealing from Ta = 
600°C to 900°C so that D X R D is increasing with TA. At T A = 900°C, the grain size D X R D 
attains its maximum of ~ 19nm in a Fe rich Fe59Pt4i-Si02 nanocomposite film. It should be 
noted that D X R D decreases when the Pt concentration increases from 41% to 80% for the 
samples prepared in this work. This shows that the grain size depends also on the volume of 
total implanted Fe/Pt atoms and a larger volume fraction corresponds to a larger grain size. 
As shown in Fig. 4.19, larger nominal Pt dose leads to a larger Pt fraction but a smaller 
> 
retained Fe and Pt dose, hence a smaller grain size. In fact, the magnetic coercivity He and 
saturation magnetization Ms of the samples depend not only on the existing phases in the 
— 
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sample but also on the volume fraction of the ferromagnetic species inside the host. More 
detailed relationship between these quantities will be discussed in the next session. 
Grain growth of the chemically ordered fct phase of FePt can also be observed from 
the (001) diffraction peak of FePt. Shown in Fig. 4.25 is the plot of grain size D X R D of a 
Fe59Pt4i-Si02 sample at various annealing temperature for 1 minute. Clearly, D X R D is 
increasing with Ta up to Ta = 1000°C. This suggests that more and more amount of fcc-FePt 
grains will transform to fct phase when the Ta is further increased beyond 700°C. The grain 
size approaches to ~ 20nm when Ta is increased to 1000°C which is similar to the grain size 
determined from (111) peak of the same sample. 
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Figure 4.25 Grain size D X R D of FesgPUi—SiO� at various annealing temperature Tafor Imin. 
D X R D is estimated from the F W H M of FePt (001) peak in X-ray spectra from Scherrer 
formula. 
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4.3.3 Magnetic Properties 
The magnetic properties of the high dose implanted samples are highly correlated to 
its microstructure. A vibrating sample magnetometer (VSM) was used to study the 
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magnetic properties of the samples. Apart from room temperature measurements, low 
temperature characteristic of a Fe rich FesgPUi-SiO: nanocomposite films was obtained by 
cooling down the sample chamber to 5K and then performed the measurements. The effect 
of exchange coupling between magnetic nanoparticles was studied by measuring the dc 
demagnetization curve (DCD) of the samples. 
4.3.3-1 M - H Characteristics 
Fig. 4.26 shows the magnetization curves of a high dose as-implanted Fe-Si02 and 
Fei.yPty-Si02 nanocomposite films with the Pt concentration y as indicated. The magnitude 
of the coercivity He of all the as-implanted samples is very similar; it ranges between 600 
Oe to 670 Oe. It should be noted that He obtained in this series of high dose implanted 
samples is much higher, 5 times more, than that of the low dose implanted FePt samples. 
This can be explained by x-ray diffraction results that all the high dose as-implanted 
samples have already crystallized into Fe (111) or fcc-FePt (111) phases as shown in Fig. 
4.21. So the magnetic properties of them become, to a certain extent, hard already after Pt 
irradiation. The saturation magnetization Ms is the average value obtained from the various 
mixed phases of ferromagnetic nanoparticles inside the as-implanted samples. The results 
show that Ms per Fe atom of all implanted samples is below the corresponding bulk value 
V 
of Fe {22/UB). It is due to the fact that not all the as-implanted Fe and Pt atoms were 
successfully crystallized and alloyed and some Pt atoms crystallized as Pt nanocrystals 
/ 
i 
from X R D results. Pt is paramagnetic with very low Ms, so the resultant saturation 
magnetization Ms obtained will be low. 
— 
Chapter 4 Characterization of Fe and Fe/Pt Implanted Samples  
4.3.3-2 Coercivity Against Annealing Temperature 
Thermal annealing will modify the microstructures of these high dose implanted samples 
and, at the same time, the magnetic properties will be drastically altered. Fig. 4.26 gives the 
magnetization curves of the high dose implanted Fe-SiO! and Fei.yPty-SiO! nanocomposite 
films with various y as indicated. These samples were annealed at 700®C for 1 min by RTA. 
Magnetic hardening occurs for the Fe rich FesgPUi-SiO: such that He as large as ~ 4kOe is 
obtained which is close to the write field limit 5kOe) for modem write head design in 
magnetic recording technology [7]. Ms (|ib/Fe) of this sample is close to ~ 2.30jUB. This 
value is higher than the values reported for bulk samples of FePt, with a slightly different 
composition, of \.65jUb (disordered states) and >1.\5jUB (ordered states) [41]. The 
disordered states in our case are fcc-FePt alloy nanoparticles and the ordered states are 
mainly fct-FePt alloy nanoparticles although the possibility of the formation of small 
amount of FesPt or FePt�，which are also chemically ordered phases with LI2 structures, 
could not be excluded. In addition, for samples with higher Pt content, they can become 
magnetically hard but with a lower coercivity compared to the Fe59Pt4i-Si02 sample with 
the same thermal treatment. This is because the atomic concentration of Fe and Pt of these 
samples deviates more from the equi-atomic ratio leading to a poorer ordering as previously 
suggested by the x-ray results shown in Fig. 4.23. Another possible reason is related to the 
low volume fraction of FePt, which will be discussed in a later session. 
Further increase of Ta will have an enormous effect on the magnetic properties of 
the sample. To observe it, rapid thermal annealing was performed from 600°C to 1100°C for 
1 min for the FesgPUi-SiO! samples because this sample exhibits better chemical ordering 
and harder magnetic properties. The results are shown in Fig. 4.28 and Fig. 4.29 
— 
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Figure 4.26 Magnetization curves of high dose as-implanted Fe-Si02 and Fei.yPty -Si02 
samples with the composition y as indicated. Measurements were made at 300K with the 
magnetic field H applied in plane with the sample surface. 
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Figure 4.27 Magnetization curves of Fe-Si02 and Fei.yPty-SiO: samples with certain 
composition y annealed at 700°C for Imin in flowing Ar ambient. Measurements were 
made at 300K with the magnetic field H applied in plane with the sample surface. 
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For clarity, only the M-H loop of the 700。C, 800。C, 900。C and 1100。C annealed samples 
are shown. It is observed that the magnetic properties of this sample become hard at 700°C 
as mentioned. When Ta is increased to 800°C, He increases rapidly to 23kOe. At the same 
time, a second set of double shoulder near the zero applied field position is formed. Similar 
phenomenon had been seen in the low dose implanted FePt samples as seen in Fig. 4.12 by 
the same thermal treatment. The formation of this shoulder may be related to little 
exchange coupling between the coexisting hard fct-FePt and soft fcc-FePt phases. If the 
M-H loop of 900。C annealed FesgPUi-SiC^ sample is decomposed into 2 M-H loops - the 
minor loop and the major loop - as shown in Fig. 4.28(a); the coercivity of the minor loop 
is about 2kOe, which is comparable to the value of l.SkOe obtained when the same sample 
was annealed at 600°C for 1 min. Since at 600®C, only soft fcc-FePt phase was formed from 
x-ray diffraction result, it is possible that the minor loop at 900°C comes from this soft 
fcc-FePt phase and the independent response of these two phases to the external applied 
field will lead to such kind of hysteresis loop formation. In additional, it is believed that 
exchange coupling in this case is not as strong as that of Fig. 4.12 since more pronounced 
shoulder was formed in Fig. 4.28. The plot of He versus Tain Fig. 4.29(a) suggests that He 
is increasing with Ta up to 1000。C. The increase of He is due to growth of particles size as 
suggested by the plot of grain size D X R D against T A in Fig. 4.29(b). At 1100。C，the 
formation of y-FeaOg phases shown in X R D hinders the growth of fct-FePt grains leading to 
the reduction in H E and D X R D . 
The magnetic properties of the high dose implanted samples have a close relationship 
with the volume fraction of the total implanted Fe and Pt atoms. Fig. 4.30 shows the 
variation of HE, M S and D X R D with the volume fraction of Si02. These samples were 
— 
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Figure 4.28 Magnetization curves of Fe59Pt4i-Si02 nanocomposite film annealed at various 
temperatures for Imin. Measurements were made at 300K with the magnetic field applied 
in plane with the substrate surface. 
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Figure 4.28 (a) Magnetization curves of Fe59Pt4i-Si02 nanocomposite film annealed at 
900°C for 1 min. Shown also are the minor and major loops decomposed from the 900°C 
M H loop. 
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Figure 4.29 (a) Plot of coercivity He and grain size D X R D of FesgPUi-SiCh nanocomposite 
film as a function of annealing temperature Ta. (b) He versus D X R D at various Ta for the 
same sample. 
heat-treated at 900°C for 1 min. The results show that all three quantities are decreasing 
with the vol fraction of Si02. The reduced Ms is due to smaller amount of ferromagnetic 
nanoparticles inside the Si02. The diminishing Dxrd indicates that high volume fraction of 
Si02 will hinder grain growth. Smaller grain size at higher volume fraction of Si02 will 
lead to the decrease of magnetic coercivity He of the samples. Another factor leading to 
decrease of He may come from the incomplete transformation from the fee to fct phase. 
Similar behaviors were observed in FePt-SiO^ granular thin films prepared by dc and rf 
magnetron sputtering [40]. In the present study, however, the obtained magnetic coercivity 
He is much higher at similar volume fraction of Si02 for samples prepared by ion 
I 
implantation in this work. 
Further investigation of the exchange coupling and the mechanism for coercivity 
enhancement has been earned out. Fig. 4.31 shows the dc demagnetization curve (also 
95 
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called remanent magnetization curve) and the demagnetizing curve of Fe59Pt4i-Si02 
nanocomposite film measured by VSM. Measurement was carried out after the sample was 
annealed at 900°C for 1 min. This thermal treatment was chosen because strong and clear 
coercivity 'shoulder' was observed after annealing. The flatness of the D C D curve is an 
evidence of the property that the magnetization reversal is reversible up to 14 kOe and so it 
is very similar to the behavior of exchange-spring magnets demonstrated by Kneller and 
Hawig [46] and some other researchers [43, 47-48]. Another evidence for the exchange 
coupling is that the saturation remanence ratio nir = M,/Ms in this sample is 〜0.71 > 0.5. 
This can be regarded as a possible but not a universal feature of exchange-spring magnets 
[46]. 
4.3.3-3 Low Temperature Measurements 
The magnetic properties of Fe59Pt4i-Si02 nanocomposite film at low temperature were 
also studied. Shown in Fig. 4,32 are the magnetization curves of FesgPUi-SiOi taken at 
various measurement temperatures Tm from 5K to 300K. Fig. 4.33 plots the variation of 
coercivity He and saturation magnetization Ms at different Tm when the applied field H is 
set to 60 kOe. Clearly, He and Ms are decreasing with Tm. At low Tm, both He and Ms attain 
its highest magnitudes since the effect of thermal fluctuation is minimized. He and Ms at 5K 
can reach ~ 6.4 kOe and 2.57询 which are respectively 59% and 12% higher than the 
values of 〜4 kOe and 2.30//^  obtained at 300K. 
t 
4.3.3-4 Coercivity against Annealing Time 
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Figure 4.30 Dependence of coercive field H E and grain size D X R D and saturation 
magnetization Ms on Si02 concentration of samples annealed at 900。C for 1 min by RTA. 
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The coercivity He of the high dose implanted samples also depends on annealing time 
TA. Fig. 4 . 3 4 and 4 . 3 5 show the M - H loop and plot of H E and grain size D X R D versus TA of 
Fe59Pt4i-Si02 samples after they were annealed at 700°C for various annealing time TA. D X R D 
is estimated by Scherrer formula from the width of the FePt (111) peak of X R D spectra. 
The results show that H E and D X R D are basically increasing with TA. This reflects that longer 
annealing time will lead to grain growth of FePt, which accounts for the increase of He of 
the samples. 
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Figure 4.31 The D C D curve and demagnetization curve of Fe59Pt4i-Si02 nanocomposite 
fiim. The sample was annealed at 900°C for Imin. 
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Figure 4.32 Low temperature magnetization measurements of FesgPUi-SiO: nanocomposite 
film. Measurements were performed at 5K - 300K. 
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Figure 4.33 Plot of He and Ms at various measurement temperatures of the same sample as 
in Fig. 4.32. 
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Figure 4.34 Magnetization curves of Fe59Pt4i-Si02 nanocomposite films measured at 
different annealing time ta at 700°C. 
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Figure 4.35 Plot of coercive force H E and grain size D X R D of FesgPUi-SiOz nanocomposite 
film as a function of annealing time ta at 700°C. 
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4.3.4 Microstructure 
To observe more clearly the microstructure of the prepared samples, cross sectional 
transmission electron microscopy (XTEM) analysis was performed on a specific high dose 
implanted Fe59Pt4i-Si02 nanocomposite film. The result is shown in Fig. 4.36. The 
micrograph shows that the FePt nanoparticles are distributed into two regions. In the near 
surface region, it is seen that a small amount of larger FePt nanoparticle is formed, the 
diameter of these large nanoparticles ranges from 53nm to 89nm. On the other hand, a 
relatively larger amount of much smaller FePt nanoparticles are formed in the deeper 
region of ~ 130nm below the sample surface. The diameter of these smaller nanoparticles 
ranges from 〜6.7nm to 17.8nm. The grain size of the small nanoparticles as seen from 
X T E M result is comparable to that determined by using the Scherrer formula from the line 
width of the FePt (001) diffraction peak in the X R D spectra as shown in Fig. 4.25. For the 
large nanoparticles distributed near to the sample surface, the size is too large to be 
correctly determined by using the Scherrer formula since the size of the grains (>30nm) 
exceeds the detection limit of our diffractometer. It should also be noted that correct 
determination of the grain size in our case is hard since the grain size of the nanoparticles 
has a distribution as seen from the X T E M micrograph. In addition, both large and small 
FePt nanoparticles are segregated from each other directly after implantation and annealing. 
The result obtained here reflects that annealing will promote grain growth and out-diffusion 
of implanted atoms so that large grains of FePt nanoparticle are formed near the sample 
surface. This observation is in agreement with the RBS and X R D results. 
To distinguish more clearly the microstructure of the large and small FePt 
nanoparticles formed after annealing at 900°C, high resolution cross sectional T E M image 
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was taken for the same sample. Shown in Fig. 4.37 are the H R X T E M image and the 
selected area diffraction (SAD) of the same sample as in Fig. 4.36. From Fig. 4.37(a), The 
SAD pattern shown at the right hand side indicates that a spot corresponding to (110) 
diffraction appears, which is a characteristic diffraction peak of fct-FePt phase. On the other 
hand, The SAD pattern of the small FePt nanoparticles in Fig. 4.37(b) does not show the 
appearance of (110) spot. This suggests that these small FePt nanoparticles are fee-FePt 
instead of fct-FePt. The results obtained here suggests that the formation of the two 
'shoulder' hysteresis loop and the extremely high coercivity obtained in magnetic 
measurement may possibly result from the independent response of the soft phase of FePt 
and the hard phase of FePt nanoparticles since these phases can co-exist after annealing and 
these two phases are distributed far apart from each other inside the film. 
i 
Chapter 4 Characterization of Fe and Fe/Pt Implanted Samples  
Figure 4.36 Cross-sectional T E M image of FesgPUi-SiOz nanocomposite film. The image is 
taken after the sample was annealed at 900。C by RTA for Imin. 
I 





Figure 4.37 H R X T E M image of FesgPUi-SiO? nanocomposite film, (a) The large FePt 
nanoparticles located at the near surface region, (b) The small FePt nanoparticles located at 
the deep region below the sample surface. The right hand side shows the corresponding 
SAD pattern of the nanoparticles. 
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Chapter 5. Conclusion 
Ferromagnetic Coi.xPtx-SiO: and Fei.yPty-Si02 nanocomposite films with various 
Pt fraction x and y were prepared by sequential implantation of Co or Fe and then Pt 
atoms into thermally grown Si02 on Si substrate. For the low dose implanted Coi-xPtx-
Si02 nanocomposite films, X R D results show that all the as-implanted samples are 
amorphous or only consist of a small amount of CoPt or Pt nanoparticles so that their 
magnetic coercivity is small. Annealing will promote grain growth and the samples 
become polycrystalline and contain grains of fcc-CoPt with multiple orientations. At the 
same time, these Coi.xPtx-SiO: nanocomposite films become magnetically hard. The 
magnetic coercivity He and saturation magnetization Ms depends on the Pt fraction and 
the annealing conditions of the sample. It is found that both He and Ms increase with the 
Pt fraction of the sample. The highest coercivity obtained was 1.03 kOe for a Co49Pt5i-
Si02 sample annealed at 1000。C for 1 min. However, there are no signs of the formation 
of the chemically ordered fct phases of CoPt at this annealing condition judging from the 
x-ray spectra. Possible reason is that the amount of fct-CoPt was too small to be detected 
by X R D experiments. 
So far, the structural and magnetic properties of low dose and high dose 
implanted Fei.yPty-SiO: nanocomposite films with various atomic concentrations y were 
studied. Both series of as-implanted samples have a disordered fcc-FePt structure. The 
t 
magnetic properties of these as-implanted samples are soft because the grain sizes are 
small and only disorder fcc-FePt phase was formed after implantation. Upon annealing, 
phase transformation from fcc-FePt to fct-FePt occurs at 700°C such that the magnetic 
_ 
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properties of some of the low dose and high dose implanted samples become hard. The 
magnetic coercivity H E and grain size D X R D of the FePt-SiO? nanocomposite films can 
be adjusted by controlling various processing parameters such as the film composition, 
volume fraction of implanted species, annealing temperature and annealing time. High 
temperature annealing (800。C to 1000。C，1 min) will lead to the formation of a special 
kind of hysteresis loop (usually referred to coercivity "shoulders") near the position of 
zero applied field in the magnetization curves and it has been shown that this 
phenomenon is due to the exchange coupling between coexisting hard and soft phases 
and the behavior is like an exchange spring magnet. The hard phase is the fct-FePt 
grains and the soft phase is possibly the fcc-FePt grains. 
High density magnetic recording requires recording media with a coercivity of 〜 
3 - 4 kOe (below the write field limit of 5 kOe) and grain size of 10 nm or less. In the 
present work, for a Fe rich Fe59Pt4i-Si02 sample prepared by high dose implantation, the 
coercivity reach 4 kOe with a small grain size of only 〜8.7 nm when the sample was 
annealed by RTA at 700。C for 1 min. Obviously this sample exhibit properties satisfying 
the requirements for the use as a high density recording media. 
In short, we have presented a systematic study on the formation of CoPt-Si02 
and FePt-Si02 nanocomposite thin films using ion beam synthesis method. The 
structures and magnetic properties of these films were correlated with the implantation 
and annealing conditions. The possible physical mechanisms leading to the observed 




A. Depth profile of Fe ions in SiCh by TRIM simulation 
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B. Phase Diagram of Co-Pt and Fe-Pt. 
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C. Atomic fraction z and volume fraction v of implanted atoms 
I. Atomic Fraction z 
The fitting model of an as-implanted Co58Pt42-Si02 nanocomposite film is 
reproduced below: 
Co I Pt I Si I^Thickness 
Layer 1 9.60/0 | 8.2% | 27.40/0 | 54.8o/o ^^^ 
, 。6.50/0 1 5 % 29.50/01 590/0 
Layer 2 130 
Layer 3 5.2% 1.2% 31.2% 62.4% 12O 
S i 0 2 300 
Si 
Let's denote the total atomic fraction of Co and Pt atoms as z. Within each layer 
in the fitting model, we can obtain the number of atom per unit area n of each element. 
For example, in the first layer, the number of Co atom per unit area is: 
nco' = 9.6% X 180 = 17.28 (lO'^atomsW) 
The superscript represents which layer is being considered. 
Then the number of Co atoms per unit area in the and layer are respectively: 
nco2 = 6.5% X 130 = 8.45 atoms/cm^) 
• nc。3 = 5.2% X 120 = 6.24 atoms/cm^) 
Hence, the total number of Co atom per unit area inside the sample is: 
nco = nccji + nco^  + nco^  
Appendices  
=31.97 (lO'^atomsW) 
Following similar approach, the total number ofPt, Si and O atom per unit area inside the 
sample are calculated as: 
npt = 22.7(10'^atomsW) 
nsi= 125.11 (lO'^atomsW) 
no 二 250.22 (10*^  atoms/cm^) 
Hence, the atomic fraction z of total implanted Co and Pt atoms is calculated as: 
杆 Co + + ^Si + no 
=12.71% 
The atomic fraction z of samples implanted with various nominal Pt doses can then be 
obtained by the same method. 
II. Volume Fraction v 
The volume fraction v of total implanted Co and Pt atoms is estimated by the 
following: 
Let tco' be the effective thickness of Co in layer 1. Then tco' in layer 1 is estimated by 
dividing the number of Co atoms per unit area in layer 1 by the atomic density of bulk Co: 
tco' = (9.6% X 180 X 1015)/9.092 X 
, =1.9 X 10'^cm= 1.9nm 
Similarly, the effective thickness of Pt and Si02 in layer 1 is: 
— 
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tpt' = (8.2% X 180 X 10*^6.508 x 
=2.27nm 
tsi02' = (27.4% X 180 X 1015)/2.2 X ICp 
=22.4nm 
Hence, the effective thickness of layer 1 is: 
tl = tco' + tp/ + tsi02 丨 
=26.61nm 
By similar approach, the thickness of each layer is estimated to be: 
t2= 19.36nm 
t3= 17.93nm 
The thickness t of total implanted layers is then: 
t = tl + t2 + t3 
= 63.87nm 
If we assume each implanted atoms is a perfect sphere, the volume fraction v of total 
implanted Co and Pt atoms can then be estimated by the following: 
V = (nco X (4/3)7irco^ + npt x (4/3) W ) / t 
=8.08%. 
Where rc。= 1.25 A , rpe = 1.24 A and rpt = 1.39 人 are respectively the atomic radius of Co, 
) 
Fe and Pt atom. 
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